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AN OSCILLOGRAPHIC STUDY OF OLFACTORY 
SYSTEM OF CATS* 

CLEMENT A FOX, W A McKINLEY and H W MAGOUN 
Institute of Neurology, Northwestern University Medical School, 

Chicago, Illinois 

(Received for publication August 3, 1943) 

Apart from Adrian’s study (2) of the pattern of electncal activity occurring 
in the olfactory bulb and the pyriform lobe of the hedgehog and the lateral 
olfactory tract of the cat when drafts of air containing odorous substances 
were passed into the nasal cavity, few attempts have been made to study the 
olfactory regions by recordmg their electrical activity The method of oscil- 
lographic recordmg of action potentials evoked by peripheral stimulation 
has proved valuable m mvestigations of other sensory systems and it ap- 
peared that the apphcation of this techmque to a study of the rhmencepha- 
lon might reveal more specific information concerning olfactory conduction 
systems Moreover, because of certam anatomical differences umque to the 
olfactory pathway — this pathway does not relay m a thalamic center before 
reachmg its primary cortex, and the afferent fibers to the pnmaiy cortex 
enter from the surface of the bram — ^it seemed qmte possible that the results 
acquired might also provide information of general mterest when contrasted 
with the results available from similar studies of other sensory systems 


METHODS 

In a senes of cats under nembutal or evipal anesthesia or after transection of the 
brainstem through the pons under ether, the zygoma, the temporal and the masseter mus- 
cles and the contents of the orbit were removed The bone overlymg the cerebral hemi- 
sphere was then rongoured away exposmg the ventral and lateral aspects of the olfactory 
bulb and the ventral surface of the bram as close to the midhne as possible The nnimal 
was then placed m a supme position, the head was fixed m a holder and after section of the 
dura the exposed hemisphere was allowed to sag, thus giving access to the rhmencephaloru 
Except at the area bemg explored, surface diymg was prevented by strips of cellophane 
fitted to the pia The olfactory bulb was stimulated with smgle condenser discharges de- 
livered through a transformer The stimulatmg electrodes, two thm nichrome wires ce- 
mented together and completely insulated except at their tips, were inserted just beneath 
the surface on the lateral side of the olfactory bulb and maintamed m this position by a 
clamp The action potentials resultmg were recorded from the surface of the rhmencepha- 
lon by a pan- of ball-tipped, silv er wire electrodes separated about a millmieter apart and 
held in position with an electrode holder The lead electrode was always nearer the pomt 
of stimulation The potentials were amphfied with a resistance-capaaty coupled differential 
amphfier and visualized with a cathode ray tube The stimulus was synchronized with the 
sweep of the oscillograph so that a smgle sweep and a smgle shock could be produced with 
a manual switch The points of recordmg were noted on a sketch of the exposed surface 
of the brain ^ 

In another senes of cats, similarly anesthetized, or after pontile brainstem transection 
an area just ^neath the dorsal surface of the olfactory bulb was stimulated as desenbed 
abov e, and the action potentials ev oked were recorded with a concentric electrode onented 
Horeley-Clarke instrument m the maimer desenbed by Ranson 
(IB) Such electrodes w ere ma^ by ensheathing an insulated copper wire wuth an insulated 
25 gauge hy podermic needle The cone tipped end of the copper vJ^e, bare for 0 1 

* Aided by a grant from the Rockefeller Foundation 
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plexiform layer superficial to this 
demarcation and the cell l amin ae 
deeper m position It can be seen 
that the prepynform cortex m the 
vicimty of the lateral olfactory 
tract, from the surface to a pomt 
beyond the outer cell layer, was 
first negative and that the re- 
mamder of this cortex laterally 
and dorsally was first positive 
(Fig 2A-B) At the cephahc end 
of the pyriform lobe (Fig 2C) the 
meduUated fibers of the lateral ol- 
factory tract spread dorsolaterally 
and cover the surface of the cortex 
Here, due to the abruptly curved 
contour of the pynform lobe, the 
fibrous and plexiform zone of the 
cortex appears of unusual depth, 
particularly on its ventral surface, 
and the reversal-pomt loci seemed 
to occur somewhere near the outer 
compact layer of superficial p 3 T:a- 
mids, leaving a central core of posi- 
tivity Sample records taken 2 
mm apart on the same electrode 
tract in the cephahc portion of the 
P3Tnform cortex illustrate the m- 
version of the potentials The 
earher diphasic deflection seen m 
Fig 3a has its temporal parts m a 
contraposition m Fig 3b so that 
the temporal position occupied by 
the negative peak has been taken 
over by the positive peak and the 
temporal position occupied by the 
positive peak has been taken over 
by the negative peak Further- 
more, the late potential present m 
Fig 3a IS absent in Fig 3b 

In the exploration of the m- 
tenor of the bram the more dorsal 
records were obtamed before the 
ventral records smce the electrodes 



Fig 2 Six transverse sections through 
brain of cat at levels indicated in Fig 1, 
showing regions responsive to single shock 
stimulation of olfactory bulb Horizontal 
lines indicate areas mitiaJly negative, vertical 
hues, areas imtially positive Peripheral ex- 
tent of outer compact cell layer of olfactory 
cortex IS indicated by broken hne Abbrevia- 
tions as follows A, nucleus accumbens, AB, 
longitudinal association bundle, AC, anterior 
commissure, B, basal amygdaloid nucleus, 
C, central amygdaloid nucleus, CL, claus- 
trum, CN, caudate nucleus, CP, cerebral 
peduncle, E, entopeduncular nucleus, F, 
fomix, GG, gyrus genahs, GP, globus pal- 
Iidus, H, hippocampus, HP, habenulopedun- 
cular tract, I, mtercalate amygdaloid nu- 
cleus, IC, internal capsule, LB, large celled 
basal amygdaloid nucleus, LG, lateral genicu- 
late body, M, medial amygdaloid nucleus, 
MG, medial gemculate body, MP, mammil- 
lary peduncle, MT, mammiUothalamic tract, 
NT, nucleus of lateral olfactory tract, OC, 
optic chiasma, OT, optic tract, P, putamen, 
PL, pynform lobe, PP, prepynform cortex, 
S, septum, SB, small celled basal amygdaloid 
nucleus, SM, stna medullans, ST, stna ter- 
minalis, TC, tail of caudate nucleus, TH, 
thalamus, TO, olfactory tubercle. III N 
third nerve ’ 


were lowered from a dorsal to a ventral position Mention is made of this 
merely to ehmmate from consideration any suggestion that the positivity 



2 CLEMENT A FOX, W A MCKINLEY AND H W MAGOUN 


truded for 1 mm beyond a 0 1 mm bare nm of the hypodermic needle Systematic explora- 
tion of the base of the forebram was undertaken and subsequently the pomts of recordmg 
were identified by microscopic examination of Weil-stained sections cut serially by the dry- 
ice freezmg method of Mtirshall (12) Shrinkage was practically neghgible with this 
method of preparing and sectiomng brain tissue, thus permitting more accurate determma- 
tion of the pomts where the tips of the electrodes had been when electrical activity was 
encountered 

Resitlts 

Distribution and initial sign of recorded potential The areas excited on the 
ventral surface of the telencephalon by single shock stimuh of the olfactory 
bulb were the prep 3 inform cortex, the anterior olfactory lobe (20) medial to 

the prep 3 mform cortex, the olfactory tuber- 
cle and the p 3 inform lobe Some of the more 
readily reproducible types of electrograms 
ehcited from these rhmencephahc regions 
and the places from which they were re- 
corded are shown m Fig 1 Disregardmg 
for the present their complete configura- 
tions and temporal details and considermg 
only the sign of imtial potentials, it is m- 
terestmg to note that they were surface 
negative on the pyriform lobe, the olfactory 
tubercle and on that portion of the prepyn- 
form cortex where the lateral olfactory tract 
18 macroscopically visible On the prepyn- 
form cortex lateral to the lateral olfactory 
tract they were always surface positive 
while me^al to the lateral olfactory tract 
on the surface of the antenor olfactory lobe 
they were sometimes negative and some- 
times positive 

When explorations of the mtenor of the 
brain were made for sites responsive to ol- 
factory bulb stimulation the same areas, the 
anterior olfactory lobe, the olfactory tuber- 
cle, the prepynform cortex and the P 3 m- 
form lobe, were foimd to be responsive 
These results aire summarized m six trans- 
verse sections (Fig 2A-F) taken at the 
levels mdicated by the small arrows A-F m 
Fig 1 The regions exhibitmg clear evi- 
dence of electrical activity are outhned 
with horizontal and vertical hues, the horizontal hnes dehrmtmg the areas 
m which the imtial wave forms were negative and the vertical hnes de- 
hmitmg areas where the imtial wave forms were positive The broken 
hnes r unnin g through the olfactory cortex show the peripheral extent of the 
outer compact cell layer of this cortex and set the boundaries between the 



Fig 1 Ventral view of telen- 
cephalon of cat showmg typical re- 
sponses (a-k) evoked by smgle 
shock stimulation of olfactory bulb 
(open arrow at top of figure) Up- 
ward deflection m these and all sub- 
sequent records mdicates negativity 
at "active” lead Time in records 
(a-g) as m (g) and m records (h-k) 
as m (h) Abbreviations as follows 
B, olfactory bulb, Hy, hypothala- 
mus, OC, optic chiasma, PL, pyri- 
form lobe, PP, prepjmform cortex, 
T, lateral olfactory tract, TO, olfac- 
tory tubercle. III N, third nerve 
Levels A-F at left mdicate plane of 
transverse sections shown m Fig 2 
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observed in the diagonal band (Fig 2B-C), the septum (Fig 2B-C) or the 
hippocampus (Fig 2E-F) The amygdaloid nuclei (Fig 2C-E) were like- 
wise silent except perhaps for a small part of the cephahc end of the anterior 
amygdaloid area (Fig 2C) In two cats the electrodes were onented higher 
than mtended and positive potentials were picked up as follows m and near 
the mtemal capsule (Fig 2A), m the external capsule between the daustrum 
and the putamen, m the mtemal capsule, and m the caudate nucleus (Fig. 
2B), m the putamen or the external capsule (Fig 2C) and along the claus- 
trum, the external capsule, the putamen, the globus 
palhdus and the entopeduncular nucleus (Fig 2D) 

Characteristics of potentials recorded in prepyn- 
form cortex and anterior olfactory lobe The potential 
records from the surface of the prepynform cortex 
m the region where this cortex is covered by the 
macroscopicaUy visible lateral olfactory tract ex- 
hibited (Fig la) a fast negative spike immediately 
succeeded by an mitially negative, diphasic spike- 
hke wave of greater amphtude Prolonged from the 
positive trough of this latter deflection was a slow 
low negative wave which appeared as though it 
might have represented an aftCT potential The at- 
tainments of these peaks after stimulation ranged 
from 1 8 msec to 2 2 msec for the fast negative 
spike and from 6 to 8 msec for the negative spike- 
hke wave A shght variation from this is seen (Fig 
4) m a senes of potentials secured from a pomt on 
the lateral olfactory tract near the caudal end of the 
prepynform cortex In these records the imtial neg- 
ative notch was small and the subsequent spike-hke 
wave was not diphasic but instead there was an ad- 
ditional negative wave appended to its descendmg 
phase Interestmgly, the amphtude of this added 
wave could be gradually augmented (Fig 4a-f) by 
progressively mcreasmg the strength of the stimu- 
lus When two stimuh were given (Fig 4g) the ad- 
ditional negative wave disappeared on the second 
stimulus while the spike-hke wave was facditated 
and the fast negative spike was conducted imal- 
tered 

The fast negative spike was usually dimmutive and to pick it up it was 
necessary for the electrode to be on or near the lateral olfactory tract Com- 
monly, as m Fig 4, it was no more than a negative notch prefixed to the 
greater discharge that supervened. This was especially true in the recordmes 
obtained with an electrode onented withm the bram The potentials pic- 
tured in Pig 5a were procured from the tip of an electrode m the lateral 



Fig 4 Potentials re- 
corded on prep 3 Tifonn cor- 
tex showing fast negative 
notch, the increasing am- 
phtude of late negative 
wave with mcreasmg 
strength of stimulation 
(a— f) and effect of two stim- 
uli (g) In inset (st) mdi- 
cates pomt of stimulation 
and (p) point of recording 
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may have been due to mjury such as has been reported (6) when electrode 
tracts have been retraced Also it is to be understood that with the electrodes 
employed the assigmng of hmits between the areas of positivity and nega- 
tivity are at best only approximations, to be more certam of the pomts of 
reversal rmcroelectrodes would have had to be used 

As the pyriform lobe widens posteriorly the areas of positivity greatly 
di m inished and at levels through the imddle of the amygdala (Fig 2D) these 
areas were confined to those positions where the pjuiform cortex joms the 
neocortex dorsolateraUy and to the medial edge of the pyriform lobe where 
the thinned cortex has been known as the cortical amygdaloid nucleus In 
this latter region the mitial potentials were not exclusively positive and some 



Fig 3 Potentials recorded at different depths and levels of pynform cortex showing 
inversion that takes place m deeper cephahc portion of cortex (b) and simple negative 
phase m deeper caudal portion of cortex (d) 

of the primary wave forms were negative More caudaUy withm the p3Tn- 
form cortex (Fig 2E-F) no reversal of the mitial sign occurred and the first 
signal of the activity set off was always a negative wave This is illustrated 
with two electrograms denved 1 mm. apart on the same electrode tract m 
Fig 3c-d Two negative potentials each succeeded by a positive phase are 
seen m the record from the pomt nearest the surface (Fig 3c) In the record 
1 mm deeper m the cortex (Fig 3d) the first negative wave and the positive 
phases are absent, the sohtary negative wave present has its onset at the 
same time mterval after stimulation as the onset of the second negative 
wave m Fig 3c. 

On and for a short distance from the surface of the anterior olfactory lobe 
(Fig 2A) the first components of the responses were sometimes negative and 
sometimes positive More dorsally a field of positivity extended mto the un- 
derside of the rostral end of the head of the caudate nucleus and the ad- 
jacent ventral end of the mtemal capsule The anterior and the lateral por- 
tions of the olfactory tubercle were also excitable but here only negative po- 
tentials were recorded (Fig 2B) No mdications of electrical activity were 
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Olfactory tubercle The electrical activity evoked on the extenor of the ol- 
factory tubercle (Fig Id) was expressed by a negative potential havmg two 
peaks, the average latencies of which, as detennmed from the records derived 
from different pomts on the tubercles of 12 cats, were found to be 6 and 11 
msec respectively foUowmg stimulation The summits of the two peaks 
were not always of equal emmence hke those shown m Fig 6a and there was 
a tendency at times for one or the other of the peaks to be more prominent 
Two samples of these venations are given in Fig Id where the first peak ap- 
peared as a mere mdentation on the nsmg phase of the negative potential 
and was completely overshadowed by the second peak, and m Fig 9a, where 
the apex of the first peak was at a higher elevation than that 
of the second peak 

When two stimuh were dehvered the first peak was some- 
tunes enhanced by the second stimulus while the second peak 
was always erased from the record This is demonstrated 
mFig 6a and Fig 9b-e In the latter figure the second stimu- 
lus followed the conditiomng stimulus at mtervals of 21, 25, 



40 and 61 msec Measunng from the pomt of the second 
shock artifact to the peak of the wave it is obvious that 
facihtation was greater when the second stimulus feU withm 
the penod of return from positivity to the base hne (Fig 
9c-d) 

Some information concemmg the course of impulses to 
the olfactory tubercle was revealed by experiments m which 
cuts were made either just cephahc to the level of the tuber- 
cle across the anterior olfactory lobe or across the lateral ol- 
factory tract The positions of the cuts and the records be- 
fore and after are shown m Fig 6 The configuration of the 
normal potential is seen m Fig 6a Both peaks of the po- 
tential persisted followmg cut 1 m the anterior olfactory lobe 
(Pig 6b) though m this instance the second peak became 



more conspicuous, however, after section of the lateral ol- Fm 6 
factory tract (cut 2) just rostral to the tubercle the entire 
potential was abohshed (Fig 6c) The responsive region, as pomt (p) on 
determined with the probmg electrode, was confined to the olfactoiy tu- 
anterior portion and the posterolateral part of the olfactory Fercle, (a) 
tubercle, and its depth (Fig 2B) was considerably less than of°^o stra- 

the depth of the active area of the prepynform cortex Whth- (F) record 
in this area of the tubercle negative potentials were obtamed ^ 

which showed only rarely the two peaks that were seen m the ^ter 
surface recordings The usual sign of electrical activity was a 
simple negative wave that peaked at 8 msec and occasionally at 6 msec 
Pyriform lobe The records procured from the surface of the pynform lobe 
uere not always similar m form but they did have suffiaent features m com- 
mon to recognize their pattern and to allow certam generahzations They 
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olfactory tract and the adjacent anterior olfactory nucleus immediately be- 
hmd the olfactory bulb at that level of the olfactory crus where the antenor 
olfactory nucleus forms a rmg of gray about the ventncle Here the fast nega- 
tive notch and the negative spike-hke wave are easily recogmzed The sub- 
sequent behavior of these two components imder the influence of anoxia are 
illustrated (Fig 5b-e) at successive stages after stabbmg the heart The 
record (Fig 5b) was taken when the ammal stopped breathmg and the final 

record (Fig 5e) was taken two mmutes 
later The susceptibflity of the negative 
spike-hke wave and the relative re- 
sistance of the fast negative notch to 
anoxia are apparent, the former ebbed 
rapidly and vanished while the latter 
persisted longer and remamed imaltered 
until it disappeared In explorations 
through the olfactory crus and the pre- 
pynform region the fast negative notch 
no longer appeared when the electrode 
was moved from the immediate environ 
of the lateral olfactory tract The field m 
which it was present was not as extensive 
as the area outhned with horizontal hues 
m Fig 2A-B, from which the negative 
spike-hke wave was derived, for records 
were obtamed of this wave without the 
first negative notch 

The imtial potentials encountered in 
the remamder of the responsive area, 
shaded with vertical hnes (Fig 2A-B), 
were positive On and m the lateral part 
of the prepynform cortex the mversion 
tended to be diphasic, presentmg the 
configuration (Fig Ic) of a positive wave 
succeeded by a negative wave of longer 
duration and oftentimes of greater am- 
phtude The positive phase peaked at 6 or 6 msec , and from the negative 
peak of the deflection, which occurred at 21 msec , the excursion leveled off 
about 50 msec after the shock stimulus had been dehvered A somewhat 
similar type of response (Fig lb) was met with on and near the surface of 
the antenor olfactory lobe, although, as was previously noted, this was not 
always the case, for imtial negative potentials were also seen m this region 
In the deeper portions of the area mdicated as positive (Fig 2A~B), away 
from the surfaces of the prepynform cortex and the antenor olfactory lobe, 
the elevation that followed the positive phase subsided until only simple 
monophasic waves with positive peaks at 6 msec were observed 



Fig 6 Potentials recorded near 
cephalic end of olfactory crus with re- 
cording electrode in lateral olfactory 
tract and adjacent antenor olfactoiy 
nucleus, showing effects of anoxia on 
fast negative notch and negative spike- 
like wave The record (a) was ob- 
tained before heart was stabbed, record 
(b) was taken when animal stopped 
breathing following stabbing heart and 
record (e) was taken two minutes 
later 
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strength of stimulus and all that was registered from the pomt on the 
pynform lobe was the late wave (Fig 7c) preceded by a positive depres- 
sion that feU m the same position as the descendmg phase of the second 
negative wave m Fig 7a Thus if the deflections denved foUowmg section 
of the tract (Fig 7c) were added to the deflections obtamed with the weaker 
stimulus (Fig 7b) the composite configuration that could be made would 
approach that of the ongmal seen in Fig 7a When the cut across the 
olfactory tract was subsequently deepened and the olfactory bulb stimu- 
lated, all the waves disappeared (Fig 7d), but they reappeared (Fig 7e) 
when the stimidatmg electrode was placed m the cut and the shock was 
given This latter record was similar m form to that of the first, although the 
latencies of its respective peaks (Fig 7e) when compared with the latencies 
of the peaks m the first record (Fig 7a) were decreased from 10 msec to 8 3 
msec , from 33 2 msec to 25 9 msec and from 87 msec to 66 msec Stimula- 
tion of a pomt on the olfactory tract behmd the 
cut gave a diphasic response (Fig 7e) si mi lar to 
that which ensued when the olfactory bulb was 
stimulated with the weaker stimulus (Fig 7b) 
before the tract was cut 

At this tune it should be pomted out that 
the late wave which persisted foUowmg section 
of the lateral olfactory tract could be obtamed 
from aU parts of the p 3 rnform lobe explored 
Similarly on the prep 3 r^orm cortex the late 
wave that could be added to the record by m- 
creasmg the strength of the stimulus (Fig 4f) 
could be ehcited after the tract fibers had been 
cut The transformation m the pattern of electri- 
cal activity on the pynform lobe produced by 
two stimuh IS illustrated m Fig 8a, b, d and e 
with recordmgs from the respective pomts shown 
in the meet In each case the first stimulus to the 
olfactory bulb resulted m two negative poten- 
tials with well separated peaks The second stim- 
ulus altered these by ehrmnatmg the second 
potential and markedly mcreasmg the amphtude 
of the first The average latency of the sohtary 
peak following the second stimulus was 14 7 
msec as compared with the average latency of 
10 5 msec for the first peak after the first stimu- 
lus 

The record (Fig 8c) differs from the others of 
this figure and is of special interest for here the 
tvo stimuli were not given to the olfactory bulb 
but v,ere apphed to a pomt on the lateral olfactory tract just caudal to a cut 
that severed the rostral end of the tract from the olfactory bulb The second 



Fig 8 Potentials re- 
corded on p 3 fnfonn lobe, 
ahovnng tranrformation fol- 
lowing second stimulus The 
first negative phase was en- 
hanced and second negative 
phase was ehminated Rec- 
ords (a, b, d and e) produced 
by stimulating olfactory bulb, 
record (c) produced by stimu- 
latmg olfactory tract caudal 
to cut that severed tract 
from olfactory bulb 
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were invariably initially surface negative (Fig le-k) and possessed at least 
two negative peaks, usually well separated The primary negative peak ar- 
rived on a spike-bke wave 8 to 10 msec after stimulation and its elevation 
was always more promment than that of the negative peak on the second 
wave which was attamed 20 to 35 msec after the shock stimulus A third 
and stiU later negative wave could be annexed to the record by mcreasmg 
the strength of the stimulus given the olfactory bulb When the first wave 
was diphasic the amphtude of the second wave was so diminished that its 
negatively directed peak barely reached the ^ero hne The addition then of 
the third and final negative wave gave that portion of the record between 
the first and last peaks the appearance of the letter W (Fig If, h and i and 
Fig 7d) Considered otherwise, the resultmg electrogram might be looked 
upon as consistmg of two negative waves with a positive wave succeedmg 
the first negative wave and a positive wave precedmg the last negative wave 
A variant of this is seen m Fig le where the final negative wave arose from 

the zero hne after an almost imper- 
ceptible precursory positive mter- 
val The amphtude of the second 
wave was mcreased and the latency 
of the second peak was decreased 
(Fig 8a, b, d and e) when the first 
wave was not diphasic CaudaUy 
on the pynform lobe the responses 
were small and exhibited ^o or 
three negative potentials (Fig Ij-k) 
dependmg on the strength of the 
stimulus employed 

Some hght was shed on the pos- 
sible ongm of the potentials m these 
records by usmg different strengths 
of stnuuh and stimulatmg various 
pomts m this conduction system be- 
fore and after sections between the 
olfactory bulb and the pynform cor- 
tex The results of one of these ex- 
periments are summarized m Fig 7 
A shock stimulus was dehvered to 
the lateral side of the olfactory bulb 
and the three waves (Fig 7a) were 
picked up at the pomt p (inset Fig 
7) on the pynform lobe This pro- 
cedure was repeated with the strength of the stimulus reduced and the 
resultmg record (Fig 7b) exhibited the first diphasic wave and only a shght 
mdicataon of the second negative wave A superficial cut (inset Fig 7) 
was then made across the lateral olfactory tract just deep enough to sever 
the tract fibers The olfactory bulb was then stimulated with the greater 



Fig 7 Records (a-d) obtained at point 
(p) on pjmfonn lobe following single Mock 
stunub of the olfactory bulb (a) control, (b) 
when strength of stimulus was reduced, (c) 
after olfactory tract had been cut (inset), (d) 
after cut had been deepened to sever prepyn- 
form cortex Records (e-f) taken at same 
pomt (p) (e) stimulating electrode placed m 
deepened cut, (f) stimulatmg electrode placed 
on olfactory tract behmd cut 
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from subjacent thalamic centers by thalamo-cortical fibers which first 
penetrate the deeper cortical layers When a recordmg is made at the end of 
such a neural mechanism, i e , on the surface of the cortex, the primary wave 
IS positive, which agrees with the idea that impulses coimng towards an elec- 
trode produce positive signs 

The olfactory cortex is different Its afferent connections do not reach the 
cortex from a deeper lying thalamic center but rather they come from the an- 
teriorly placed olfactory bulb, and approach this cortex from its surface m 
the externally situated lateral olfactory tract The collaterals and temunals 
of the lateral olfactory tract fibers end m the plexiform layer of the olfactoiy 
cortex (15, 17) where they synapse with dendrites prmcipally from the layer 
of superficial pyramids A few dendritic expansions from the layer of deeper 
pyramids also reach this region Thus the receptive field of the primary ol- 
factory cortex is located m the plexiform layer Marshall, Talbot and Ades 
(14) have given evidence to mdicate that certain negative reactions might 
take place through the plexiform layer of the cortex They have suggested 
that besides those negative waves considered as mdicatmg corticofugal and 
descendmg mtracortical activity (impulses gomg away from the surface elec- 
trode) it IS possible that activity propagated tangentially m the cortex may 
also exhibit negative waves If activity so directed does give rise to a nega- 
tive potential then the primary wave most hkely to be expected on the sur- 
face of the olfactory cortex would be negative, for the organization m this 
cortex resultmg from the peripheral position and hnear distribution of the 
lateral olfactory tract provides an ideal anatomical arrangement for the 
propagation of activity m a tangential direction 

That the superficial location of the lateral olfactory tract may be a de- 
termiiung factor m the form of the potential is further suggested by the fact 
that the potentials were mverted on that portion of the prepynform cortex 
lateral to the macroscopicaUy visible olfactory tract (Fig Ic and 2A-B) 
Reversal m sign was also seen when the electrode was moved mto the deeper 
layers of the prep 3 mform cortex and the deeper layers of the cephahc portion 
of the pyriform cortex (Fig 2C and Fig 3a-b) This would seem to follow 
from changmg the position of the recordmg electrode with reference to the 
direction of propagated activity The areas m which this reversal occurred 
within the cortex diminished rapidly postenorly imtil mitiaUy positive po- 
tentials were present only m the medial and lateral positions shown m Fig 
2D Caudally (Fig 2E-F) this reversal in sign did not take place Here the 
first wave seen m the mtracortical record (Fig 3c) nearest the surface was 
absent m the mtracortical record obtamed m the deeper layers (Fig 3d) and 
only the later negative phase was present 

In considenng the component features of the records we have been m- 
clmed toward the opinion that the fast negative spike (Fig la) and the fast 
negative notch (Fig 4 and 5) obtained from the lateral olfactory tract or 
from the prepjmform cortex m the immediate vicmity of the tract repre- 
^nted the discharge of olfactory tract axones, and that the negative spike- 
like wave which follow'ed signahzed the mitial activity m the cortex Com- 
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stunulviB augmented considerably the spike-hke wave that followed it 
demonstratmg that this facihtation did not require the mtermediation of the 
olfactory bulb 

The effect of varymg the interval between the two stimuh is demon- 
strated m Fig 9, rows B and C, taken from the respective pomts B and C 
shown m the mset The mtervals between shocks m the Row B (Fig 9f-*j) 
were 13, 29, 42, 60 and 67 msec and for row C (Fig 9k-p) m which a slower 
sweep was employed they were 25, 50, 75, 116, 149 and 190 msec The altera- 
tions m the forms and the mcrease m the amphtudes of the negative deflec- 
tions that followed the second stimuh are apparent upon mspection Facili- 
tation was greater when the second stimulus happened durmg the penod of 
return from positivity to the base hne (Fig 9g-h and k-1) At the longer time 
mterval of 190 msec (Fig 9p) the elevation of the negative discharge was no 
longer mcreased by the second stimulus The positive phase was particularly 
promment m the record taken from the pomt C and it was especially en- 
hanced when the second stimulus occurred a short interval after the zero hne 
had been reached (Fig 9m-o) 



Flo 9 Record showing effect of vettying interval between two stunnh given olfactory 
bulb Row A, records from point (A) on olfactory tubercle Rows (B) and (C) records from 
pomts (B) and (C) on pyriform lobe Tune intervals between stunub records (b-e) 21, 
25, 40 and 61 msec , records (f-j) 13, 29, 42, 60 and 67 msec , records (k-p) 25, 60, 76, 116, 
149 and 190 msec 

Discussion 

It IS worthy of note that the uutial response on the pynform lobe and 
part of the prep3rnform cortex mduced by activating the afferent olfactory 
pathway was a negative wave, smce the mitial response on the surfaces of 
other sensory cortices comparably activated, the somatic sensory (13), the 
auditory (1), and the visual (6, 7), is a positive wave One of the considera- 
tions that has played a part m mterpretmg the phases of cerebral action 
potentials has been the direction of the propagated discharge relative to the 
position of the recordmg electrode Thus mvestigators (14) have accoimted 
for these phases, partly at least, on the assumption that impulses approach- 
mg an eleidrode produce positive signs and impulses leavmg an electrode pro- 
duce negative signs In the somatic sensory, the auditory and the visual 
systems activity imtiated m the cortex by peripheral stimulation is relayed 
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the tune interval between the two stimuh reached 190 msec (Fig 9p) The 
ehmmation of the second negative peak by the second stimulus (Fig 8, 9 
and 4g) fan be considered in several ways It may mean that the neural ele- 
ments responsible for the two peaks have different recovery periods, m which 
case the refractory period for the neurons contnbutmg to the second peak 
IS rather long, smce this peak failed to show (Fig 9p) when the second stimu- 
lus was dehvered 190 msec after the first stimulus On the other hand the 
ehmmation of the second peak may mean that the activity in the cortex be- 
comes synchronized and that the same elements, that previously fired sepa- 
rately causmg two peaks, discharge m uni son givmg nse to a smgle wave of 
greater amphtude Theoretical analyses of the probable way m which the 
cortex operates, as deduced from its finer anatomy, can be found in the 
Golgi studies of Lorente de Nd (11) on the entorhmal area and O’Leary (15) 
on the primary olfactory cortex These mvestigators have directed atten- 
tion to the mtracortical neuron chains and to the abundance and ^stematic 
distribution of the cells of short axis cylmder m these chains One of the func- 
tions they have suggested for these cells is that of s 3 mchronizmg cortical 
activity and bnngmg about the participation of more and more elements m 
this activity 

The behavior of the late negative wave which required stronger stimu- 
lation of the olfactory bulb (Fig 7b) gave information concermng an mtra- 
cortical conduction system withm the prepynform and pyriform cortices 
This wave was not ehrmnated by section of the lateral olfactory tract (Fig 
7c) and to abohsh it (Fig 7d) the section had to be deep enough to cut 
through the prepynform cortex Stunulatmg withm the cut caused the wave 
to reappear (Fig 7e) but stunulatmg a pomt on the olfactory tract caudal 
to the cut failed to ehcit it (Fig 7f) T^ese observations mdicate that a trans- 
cortical connection must exist between the prepynform and the pynform 
cortices This late wave could be obtamed from all parts of the pynform 
lobe explored and on the prepynform cortex a similar late wave, likewise 
dependent on stronger stimulation of the olfactory bulb (Fig 4f), could be 
denved after rostral tract section This combmation of evidence gives some 
msight mto the probable sequence of events that transpire m the olfactory 
cortex when this system is stimulated from the penphery It is clear that 
the olfactory tract mitiates actavity m the prepynform and pynform cor- 
tex In turn the excitation set up m the prepyriform cortex may reactivate 
the more caudal prepynform cortex and the p 3 uiform cortex under normal 
physiological conditions as it appears to have done m these experiments 
The important feature of the responses on the olfactory tubercle was that 
they were recorded on the tubercle In a contemporary mdependent mvesti- 
gation of the olfactory bram by this same method, the abstract of which 
has just appeared. Rose and Woolsey (19) observed no potentials on the 
tubercle This is interestmg because m the ordmaiy laboratory ammnTg 
there has been no con\mcmg anatomical evidence to mdicate that this struc- 
ture belongs to the olfactory system Ramdn y Cajal (16) was not able to 
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panson of the behavior of these two components when a second stimulus was 
given (Fig 4g) and under the influence of anoxia (Fig 5b-e) favors this m- 
terpretation The negative notch was not mcreased m amphtude by a second 
stimulus and when the heart was stabbed it persisted longer and then dis- 
appeared suddenly which would seem to mchcate that tins discharge was 
pre-synaptic in character and that tract fibers were mvolved Under the 
same conditions the negative spike-like wave was mcreased m amphtude by 
a second stimulus and it was depressed m rapid stages and di^ppeared 
sooner when the heart was stabbed, which would seem to mdicate that syn- 
apses were mvolved and that this discharge was post-synaptic m character 

On the other hand, m view of the anatomy of the olfactory bulb (17), it is 
conceivable that both the negative notch and the negative spike-like wave 
may have represented activity m the lateral olfactory tract and still have 
been pre-S 3 maptic and poat-a 3 rnaptic respectively In this mterpretation we 
must assume that the shock stimulus dehvered just beneath the surface of 
the olfactory bulb stimulated only a few axones of mitral cells givmg rise to 
the pre-sjmaptic negative notch and that the greater post-sjmaptic negative 
wave resulted from excitmg mduectly a greater number of rmtral cells by 
stimulatmg the entermg olfactory nerve fibers and the granule cells which 
assoaate the olfactory nerve fibers with adjacent and nearby mitral cells It 
could then be considered that the neural mechanism responsible for the en- 
hancement of the negative spike-hke wave seen on the second stimulus re- 
sides m the olfactory bulb An argument against this is the fact that this 
wave could be mcreased m amphtude when the olfactory tract was stimu- 
lated with two successive shocks, after the tract had been completely severed 
from the olfactory bulb (Fig 8c) and there was no possibihty for this latter 
structure to contnbute to the augmentation of the potential For this reason 
we have favored the mterpretation that mitial activily m thfe cortex itself 
caused the spike-hke wave smce it seemed more reasonable to assume that 
its enhancement would require the mtermediation of some synaptic mecha- 
nism and that tract fibers by themselves would be qmte unlikely to exhibit 
such facihtation 

In the records from the prepynform and the pyriform cortex, altered by 
a conditionmg stimulus (Fig 4g, 8 and 9), we have estimated the mcreased 
response of the first wave by measurmg the elevation of its peak above the 
background from which the deflection arises rather than the elevation it 
attains above the zero Ime If this method of measurement gives an mdex 
of the quantity of elements participatmg m the discharge, then it appears 
that the most favorable tune for the second stimulus to exploit the back- 
ground of excitement created by the conditionmg stimulus is dunng the pe- 
riod of the return from positivity to the zero hue (Fig 9g, h, k and 1) When 
the second stimulus occurred earher, i e , when the backgroimd was gomg 
positive, the mcreased amphtude of the negative wave was negligible (Fig 
9f) The condition brought about by the first stimulus endured for some tune 
after the zero hne had been reached (Fig 9i, j, m and n) but it wore off when 
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tamed m only two cats m which the electrodes were oriented higher than 
mtended and further explorations were not made m other an i ma ls It is m- 
terestmg, though, that support for connections between the olfactory sys- 
tem and the stnatum can he found m the hterature The term "olfacto- 
stnatal area” has been employed m comparative neurology (3) Also Gold- 
stem and Riese (10) have given evidence for considermg that a part of the 
paUidum is related m some way to the olfactory region In a four year old 
child with a congemtal defect of the oKactory system they found a well 
developed stnatum but a lack of myebmzation m the antenor and medial 
sections of the medial segment of the globus palhdus 


SUMMARY 


FoUowmg smgle shock stimulation of the olfactory bulb m the cat, po- 
tentials were recorded on and m the prepynform cortex, the anterior ol- 
factory lobe, the olfactory tubercle and the pyriform lobe No responses were 
obtamed m the septum, the diagonal band, the amygdaloid nuclei and the 
hippocampus 

The mitial responses were surface negative on the prepynform cortex 
covered by the macroscopicaUy visible otfactory tract, on the olfactoiy tu- 
bercle and on the pyriform lobe Laterally on the prepynform cortex the 
irntial responses were positive and on the antenor olfactory lobe they were 
sometimes negative and sometimes positive These findmgs were considered 
of mterest smce other sensory cortices exhibit an mitvally positive po- 
tential foUowmg penpheral stimulation The different sign of response on 
the olfactory cortex was attnbuted to the different onentation of discharging 
elements m this cortex resulting from the surface position and hnear distn- 
bution of its afferent fibers 

Deeper m the prepynform cortex and m the cephahc portion of the py- 
riform cortex the potentials were mverted and the imtaal response W£is posi- 
tive Caudally m the pynform cortex the deeper mtracortical records did 
not show this reversal m sign Here the first wave was absent and only a 
later negative phase was present 

In the immediate vicimty of the lateral olfactory tract on the prepyn- 
form cortex a fast negative spike or notch preceded the first negative wave 
This spike or notch was conducted unattenuated after a conditiomng stimu- 
lus and was relatively resistant to anoxia Indications are that it was due to 
impulses in olfactory tract axones 

Usually the records from the prepynform cortex had a smgle negative 
potential, whereas the records from the olfactory tubercle and the pynform 
lobe had two negative potentials In aU these regions the first negative po- 
tential could be enhanced and the second negative potential ehmmated by 
a second stimulus ^ 


The presence of transcortical connections through the prepjrnform cor- 
tex to the pjTiform cortex were mdicated by a later negative wave which 
persisted after rostral section of the olfactory tract and was dependent on 
stronger stimulation of the olfactory bulb 
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deade in Golgi preparations whether any olfactory fibers reached the plexi- 
fonn layer of the tubercle and after extirpation of the olfactory bulb he 
could find no fibers degenerating to the tubercle m Marchi matenal This 
latter method of necessity would not show unmyehnated termmals Beccan 
(4) questioned the passage of olfactory tract fibers to the tubercle except 
possibly rostrally The best demonstrations of the relation of the tubercle 
to the olfactory apparatus have been made m unusual mammals After ex- 
tirpation of the olfactory bulb m the marsupial, Perameles nasufa, Elhot 
Smith (9) has shown by the Marchi method a degeneration of olfactory tract 
fibers over the lateral half of the tubercle On the gross bram of the aard- 
vark (Orycteropus aethiopicus), an African edentate that has an unusually 
well developed olfactory system, he found macroscopic strands of fibers that 
sprang from the olfactory tract and spread over the olfactory tubercle In 
the bram of a large ant eater (Myrmecophaga juhata), a South Amencan 
edentate, meduUated olfactory tract fibers can be seen covering most of the 
surface of the olfactory tubercle (Fox, impubhshed) Undoubtedly, m some 
forms at least, this structure has some function m the olfactory system 
In the present experiments m which appropriate cuts were made (Fig 
6b-c) mdications are that impulses reach the olfactory tubercle by way of 
the lateral olfactory tract On and m the tubercle mitaally negative poten- 
tials were recorded, m the tubercle it was found that it was prmcipally the 
antenor and lateral areas that were responsive The surface recordings with 
two negative peaks could be altered by a second stunulus (Fig 9b-e) m the 
same manner as could the records on the prepynform and pynform cortices 
The discussion of this reaction given above could be applied equally well 
here and does not need to be repeated 

No potentials were recorded m the septum, the diagonal band, the amyg- 
daloid nuclei and the hippocampus Whether this means that these areas 
have no connections with the olfactory systems or that they are connected 
only after a long senes of s3mapses and the method of study employed was 
inadequate, we hesitate to say The fact does remam, however, that no evi- 
dence was forthcormng from the present experiments to mdicate that they 
do participate m olfaction The caudal supenor portion of the pynform lobe, 
designated the "6corce temporale post^neure ou sup^neure” by Ramdn y 
Cajal (17) and demonstrated by him to be the source of most of tiie afferente 
to the hippocampus, was not explored If potentials can be obtamed on this 
cortex after stimulation of the olfactory bulb it might be anticipated that 
they would be small, smce the potenti^ denved caudally on the pynform 
lobe (Fig Ij-k) were diminishing m amphtude 

The finding of positive potentials m the cephahc ventral end of the head 
of the caudate nucleus (Fig 2A) and along the external and mtemal capsules 
to the putamen, the globus paUidus and the entopeduncular nucleus (Fig 
2B-D) may represent a pathway between the olfactory system and the stna- 
tum At this time, however, we can make no more than passmg comment 
concemmg the possibfiity of such a connection These responses were ob- 
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Introduction 

It is well known that calcium plays an important role m processes con- 
nected with membrane exatabdity The effect of a reduction of ionized cal- 
cium m the surroundmg fluids has been studied m gangha (5, 20, 6, 11) and 
the site of the resultmg activity or depression was found to be m the ganghon 
cells and also m the preganghomc nerve endmgs Excitabdity changes have 
been noted frequently m meduUated nerves durmg calcium lack (13) and 
more recently oscillatory local potentials appearing after stimulation and 
also spontaneously have been shown in isolated giant nerve fibres (10, 2, 3) 
The effect of calcium lack resultmg m neuro-muscular block was studied by 
Brown and Harvey (7) while alteration of drug action after reduction of 
calcium m the flmds surroundmg the muscle was shown by Harvey (12) 

The mam purpose of the present experiments was to mvestigate the ac- 
tivity of nerve endmgs, of muscle fibres, and espeaaUy of the endplates 
durmg calaum lack The transmitter action m that condition and durmg 
calcium excess could be studied convemently m the smgle nerve-muscle 
fibre preparation, (16) while changes m the restmg potential were ob- 
served on the whole isolated frog’s sartonus Many of the observations on 
isolated nerve-muscle preparations could be reproduced m cats and frogs 
by removal of the para&yroid glands (unpublished observations) The 
method of leadmg from isolated nerve-muscle fibre preparations at the mter- 
face and m paraffin has been described previously (16) The slowly de- 
velopmg and endurmg potential changes m the sartonous muscles were re- 
corded with the same techmque as employed recently m similar mvestiga- 
tions (19) 

Results 

SECTION I 

The spontaneous activity of isolated frog muscles m calaum-free Rmger 
solutions IS wen known Such activity can be achieved also when calcium is 
reduced by addition of Na-oxalate or citrate (1) 


1 Site of origin of discharges 

In 17 out of 19 sartonus muscles spontaneous acti%nty resulted after im- 
mersion into calcium-free Ringer solubon The muscles were first soaked m 
normal frog s Rmger and afterwards were suspended verbcally m paraffin 
oil floating above a calcmm-free Rmger solution The muscles then were 
gradually lowered into the test solution below, the pehnc end first At the 
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In a few instances positive potentials along the external and internal 
capsules and in the putamen, the globus paUidus and the entopeduncular 
nucleus were recorded The significance of these responses are not known 
They may represent a pathway from the olfactory system, possibly to the 
striatum 
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tential at the pelvic end was mamtained and its tune course usually de- 
veloped as shown in Fig 1 In three muscles, however, the depolarization at 
the innervated zone started to dimmish after 20-30 mmutes of immersion 
and eventually this part of the muscle became positive relative to the rest 
of the normal preparation The development of a negative mjury potential 
at the 'normal’ not immersed muscle part while the potential measure- 
ments were made, was not excluded at that time, such an event might ex- 
plam the relative positivity of the immersed portion m the three muscles 

3 The effect on neuro-muscular transmission 

Neuro-muscular transmission was greatly affected by reduction of the 
calcium content m the Rmger solution Solutions of vaiymg calcium con- 
tent were ohtamed by mixmg 
normal Rmger (contammg 0 03 
per cent CaCl.) with calcium- 
free solutions The whole sar- 
tonus muscle was immersed 
mto Rmger solutions of dif- 
ferent calcium content and 
nerve-muscle transmission was 
tested every few mmutes over 
penods up to 40 mmutes The 
nerve was stimulated by smgle 
or double shocks and electncal 
records were taken from a fixed 
position on the muscle The 
muscle could also be stimulated 
directly at the nerve-free pel- 
vic end The first result of calcium reduction was repetitive response foUow- 
mg a smgle nerve volley These were usually synchronous discharges fol- 
lowed by smaller responses mainly due to smgle fibre activity This neuro- 
muscular hyperexcitabihty was succeeded, if the calcium was further re- 
duced, by partial, and eventually by complete neuro-muscular block 
Durmg the block only the endplate-potential was recorded at the endplate 
regions after a nerve volley and even that disappeared gradually At the 
same tune the muscle spike set up by direct excitation of the pelvic end 
was not sigmficantly altered in size and shape (Fig 2e) At this stage there- 
fore, the mam effect of the calcium reduction has been on the nerve-muscle 
transmission process and not on the abdity of the muscle fibres to con- 
duct impulses The calcium content of Rmger solutions at which neuro- 
muscular hyperexcitabihty or depression occurs vanes with different prepa- 
rations For instance immersion of the sartonous mto Rmger solution con- 
taining 3^ of normal calcium concentration frequently produced neuro- 
muscular hyperexcitabihty over 10-15 mmutes (cf above) Subsequently 
the hyperexcitabihty disappeared and eventually partial neuro-muscular 
block resulted after 20-30 mmutes 



Mifutfref 

Fig 1 Time course of the negative potential 
change developmg m parts of the sartonous im- 
mersed mto a calcium-firee Rmger solution 
Crosses potential change at the ner\e-free pelvic 
part Circles at innervated zone of muscle 
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same time two recordmg electrodes on the tibial end were connected through 
the amplifier to a loudspeaker or to a cathode-ray tube 

When the pelvic 3-4 mm were immersed no activity resulted withm 70 
mmutes (longest observation) Further lowermg into the calcium-free solu- 
tion 18 followed immediately or sometimes only ^ter 3^-1 mmute by numer- 
ous discharges These contmue for 20-25 mmutes and then cease gradually 
After cessation of spontaneous activity discharges lastmg for several seconds 
can be set up agam if the muscle is stretched or stimulated directly In 3 
cases some impulses were set up when only 4 mm of the pelvic part had been 
immersed mto the calcium-free solution In each case it was later seen that 
some nerve branches reached very near to the pelvic end With the bmocu- 
lar microscope under smtable transmitted lUummation and with the sar- 
tonus suspended m a shallow pool or floatmg on the sahne solution, the 
extent of the mnervation can easily be followed 

The small size of the impulses and then as3Tichronou8 character suggested 
that most of the activity resulted from smgle muscle fibre impulses and was 
not due to nerve discharges This was proved by recordmg from the ventral 
roots durmg such activity, only occasional nerve impulses were back-fired 
Furthermore, even after paralytic curanzation the spontaneous activity 
occurred (1) It is of mterest that at tunes larger potentials, mdicatmg the 
S3mchronous activity of several fibres, were seen This might have been due 
to chance, but it is also possible that 83mchromzation occurs at adjacent 
endplates due to mutual influence of the partially depolarized regions (see 
below. Section I, 2) 

Two additional experiments utihzmg smgle nerve-muscle fibre prepara- 
tions were performed On lowermg these preparations mto citrate Rmger 
solution, no discharges were observed until the nerve-muscle junction 
reached the solution Then, however, twitchmg occurred and persisted for 
3-4 seconds This procedure could be repeated several times The effect of 
the citrate solution was imaltered after complete neuro-muscular block by 
curarme Thus it seems clear that durmg calcium lack in the surroundmg 
flmd unpulses are set up primarily at the endplate regions 

2 Changes in reshng potential 

Slow changes m the muscle restmg potential were measured durmg partial 
immersion mto calcium-free solutions and solutions with their calcium 
content reduced to a var3nng extent The pelvic 3-4 mm or part of the m- 
nervated zone of the muscle could be immersed mto the teat solution while 
potential changes were measured relative to the normal muscle part m 
paraffin (19) The portion m calcium-free Rmger became gradually negative 
relative to the rest of the muscle (1) This apphed equally when only the 
pelvic end was immersed and when part of the innervated zone was im- 
mersed Potentials up to 8 mV developed withm about 20 mmutes No 
significant differences of depolarization between muscle regions could be 
detected over this period In 9 experiments the change m the restmg poten- 
tial was followed for 70-100 mmutes In all preparations the negative po- 
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gated muscle impulse due to summataon of the two e p p ’s to above thresh- 
old value (Fig 2d), Further reduction of calcium diminished pan passu 
the e p p until it m turn disappeared Even when the e p p was reduced 
to a fraction of its size as m Fig 2c, the muscle impulse (M), recorded at 
the endplate region, but set up some distance away from it by direct stimu- 
lation, was not appreciably different from normal (Fig 2b and e) This agam 
IS evidence that neuro-muscular trasnnussion can be profoimdly affected 
without appreaable alteration m the shape and size of the muscle spike 
The gradual e p p reduction in smgle nerve-musde fibre preparations 
shows that the neuro-muscular block is due 
not to block of the nerve impulse before it 
reaches the nerve endmgs, but to the sub- 
threshold size of the endplate potential 
(u) The preparation was kept at the 
sahne-paraffin mterface with one recordmg 
electrode on the endplate (16) This method 
had the advantage that the calcium m the 
solution could be gradually reduced by ad- 
dition of Na-atrate while at the same tune 
photographic records could be taken at dif- 
ferent stages of calcium reduction without 
altermg the position of the electrode at the 
endplate In these experiments, however, 
the actual calcium content of the solution 
surroimdmg the endplate was not known 
and it was not possible to record the muscle 
spikes set up by duect stimulation owing 
to the conditions of mterface recordmg (16) 

Figure 3b, c, and d illustrate some of 
the records taken at the mterface dunng 
reduction of calcium by addition of Na- 
citrate In Fig 3b a smgle nerve impulse 
evoked two muscle spikes The second mus- 
cle impulse arose early m the relatively re- 
fractory penod and is therefore small (17) 

The records immediately before (not illus- 
trated and after (Fig 3c) this exposure 
seemed qmte normal The imtial part of the 
e p p precedmg the spike and the late part 
after the spike does not appear to have been 
altered No effect on the 'transmitter ac- 
tion’ underlymg the e p p component of the 
action potential (Fig 3c) is detectable at 
llus stage (18) Further addition of Na- 
citrate reduced the late part of the negative 
potential after the spike The e p p com- 
ponent outlastmg the muscle impulse was 



Fig 3 Potentials recorded from 
the endplate region m a nerve-mus- 
de fibre preparation at the sahne- 
paraffin interface dunng progressi\ e 
reduction of calaum by Na-citrate 
a, normal before Ca reduction b, 
single nerve impulse sets up two 
muscle impulses c, potential not ap- 
preciably different from normal d, 
recorded shortly before transmis- 
sion was bloclv^ Amplification is 
higher than m a, b and c The nega- 
te c potential following the spike is 
greatly reduced (see text) 
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AH these different effects of the same solution, hyperexcitabihty or de- 
pression of transmission, are probably due to the slow diffusion of the test 


solution through the muscle substance 



Fig 2 Action potentials recorded in 
paraflSn oil from a single nerve-muscle fibre 
preparation with one electrode at the neuro- 
muscular junction a, Potential set up by a 
nerve impulse (N), b, by direct stimulation 
of the muscle fibre some distance firom the 
nerve-muscle junction (M) Further records 
taken after hathmg the preparation for 3 
nrmutes m i of normal Ca content m Rmger 
c, smgle nerve impulse (N) sets up e p p 
only d, two nerve impulses at 2 4 msec m- 
terval set up propagatmg impulse (super- 
imposed on smgle response) e, potential set 
up by direct stimulation (M) is not appre- 
ciably different from the normal at b Amph- 
fication the same for a, b, and e (scale 20 
mV), while at c and d the amplification is 
higher (scale 16 mV) Some of the records 
show the base hne 


which had been eqmhbrated m nor- 
mal eahne While diffusion lasts 
there would be different calcium 
concentrations m the different lay- 
ers of muscle fibres The calcium 
reduction in the outer layers might 
be nearly complete while m other 
parts the calcium ditmnution is m 
its early stages Thus all transi- 
tions of the effect of calcium reduc- 
tion can be present m the same 
muscle simultaneously or m qmck 
transition 

The effect of different calcium 
concentrations on the same junc- 
tion was mvesbgated by repeatmg 
the above experiments on four 
smgle nerve-muscle fibre prepara- 
tions In these preparations the ef- 
fects of calcium lack disappears 
completely after 1-2 mmutes wash- 
mg m normal sahne The same 
preparation can be used to test dif- 
ferent solutions with varymg cal- 
cium contents m a short period 
Two methods were foimd convem- 
ent for these experiments 

(i) The isolated fibre prepara- 
tions were soaked m the solution for 
varymg periods and then lifted mto 
paraffin where the action potentials 
set up by nerve stimulation or di- 
rect muscle stimulation were re- 
corded 

It was seen that reduction of the 
normal (0 03 per cent) calcium con- 
tent m Rmger to ^ or J had a block- 
mg effect on transmission Under 
such conditions only an endplate 
potential (e p p ) was set up at the 
neuro-muscular junction (Fig 2c) 
Two nerve impulses at short mter- 
vals (2-5 msec ) stdl set up a propa- 
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exatability of the muscle fibre at the junctional region, which now requires a 
longer lastmg stimulation by the depolanzmg action of the e p p (see accom- 
modation and exatabihty changes m nerve [14]) Further mcrease in the 
calaum concentration eventually produced neuro-muscular block (Fig 4c) 
Summation of e p p ’s still could restore transmission if the critical threshold 


value was attamed (Fig 4d) 
Durmg these stages of calcium 
excess the muscle spike itself did 
not seem to be significantly al- 
tered 

A decrease m electrical excita- 
bdity may be shown m curanzed 
preparations where an mcrease m 
the calcium content (3-5 times) 
of the Rmger solution raises the 
cntical potential at which the 
e p p fires off muscle impulses 
(9, 8, 15) 


Discussion 

Investigation of the effect of 
calcium lack on the neuro-muscu- 
lar junction has shown that dur- 
mg the first stages of calaum 
reduction the motor endplate re- 
gion IS stnkmgly and more se- 
lectively affected than the other 
parts of the nerve-muscle junc- 
tion A differentiation of the 
nerve-muscle junction into nerve 
endmgs, endplate region and 
muscle fibre is made m view of 
different physiological responses 
from each of these structures 



Fig 4 Action potentials recorded from 
the endlplate region at the salme-parafiSn mter- 
gace a, before calcium was added to the salme 
b, c and d show progressi\ e effect of Ca excess 
At c neuro-muscular block has occurred d, two 
nerve impulses at 2 4 msec mtenal set up a 
spike (supenmjMised on smgle response) 


"Endplate region” m this sense imght comprise more than the histological 
endplate How far the muscle immediately surroundmg the endplate is 
affected for instance by a selective chemical action would be difficult to de- 
termine However, this "endplate region” differs stnkmgly from that part 
of the muscle fibre which does not possess endplates Thus a drug ('acetyl- 
choline, mcotme, caffeme) might depolanze the endplate region without 
appreciably affecting the rest of the muscle fibre and eventually a response 
could ongmate at the endplate (19) 

Tliere is no doubt that the exatabihty of medullated and non-meduUated 
nerve fibres is increased after calcium reduction Spontaneous activity re- 
sults when sufficient calaum has been removed from the surroundmg flmd 
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greatly di m inished (Fig 3d) This action is similar to the subparalytic 
curarme-effect shorterung the e p p duration Eventually block occurred 
due to reduction of the mitial e p p which normally sets up the muscle im- 
pulse 

Four isolated sartonus preparations were kept for up to 24 hours m 
calcium-free sahne after the mdirect excitabihty through the nerve had 
ceased Strong direct stimulation of the muscle still produced a weak con- 
traction showmg that even such extensive removal of calcium does not make 
the muscle entirely mexcitable 

4 Acteylcholine sensitivity during calcium lack 

Acetylchohne (ACh) sensitivity was tested by appl 3 ang a small quantity 
of the drug (less than 3 /il) to different regions of the innervated part of the 
sartonus (9) The impulses set up were mostly recorded by a loudspeaker 
system The whole or part of the sartonus was immersed mto sahne solutions 
of different calcium content The ACh concentration required to set up dis- 
charges was usually reduced from 100 to 1000 tames after soakmg the muscle 
m a Rmger solution of 3^ to of normal calcium content for several mm- 
utes This low threshold returned to normal m sometimes less than one 
mmute after washmg the preparation m normal Rmger 

The lowermg of the ACh threshold was frequently very transient, for 
mstance after bathing the muscle for 3 mmutes m 34 normal calcium Rmger 
the threshold would be 100 tames lower and after 5-6 mmutes return to 
normal agam This is probably analogous to the state of the isolated junction 
preparation which showed a transient hjqierexcitabihty (repetitive response 
of Fig 3b), then returned to normal and was eventually blocked The locally 
apphed ACh reaches only a few superficial endplates and these would rapidly 
undergo changes as does an isolated junction which is very qmckly affected 
by the change m the surroundmg fiuid 

It was also noted that discharges evoked by ACh durmg the period of 
lowered threshold lasted usually a few seconds longer than normally This 
would be expected because a nerve impulse at that stage also sets up many 
afterdischarges foUowmg the mam muscle spike (Section I, 3) 

SECTION n 

Excess of calcium and neuro-muscular transmission 

Calcium chloride was added to the Rmger solution while the neuro- 
muscular transmission was recorded at the endplate of a nerve-muscle fibre 
preparation placed m the sahne-paraffin mterface Figure 4 illustrates the 
progressive effect of calcium excess The first effect (Fig 4b) seemed to be a 
delayed ongm of the spike set up by the imtaal e p p (the "normal” potential 
of Fig 4a was not recorded exclusively at the endplate for m that case no 
e p p "step” precedmg the spike would be seen [16]) The only appre- 
ciable change m the e p p was its longer persistence before mitaatmg the 
spike The simplest explanation would be to assume a decrease m the electric 
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parathyroids removed and showed signs of tetany (unpublished observa- 
tions) 

Calcium excess as seen m its effect on the isolated fibre preparations 
seems to block: neuro-muscular transmission primarily by raismg the thres- 
hold of exatation m the muscle fibre The e p p has to persist longer to set 
up the propagated spike which itself is not altered m size and shape (Fig 
4b) Also m this condition summation of e p p 's can set up propagated re- 
sponses, when one alone fads 

Summary 

The effect of calcium lack and excess on the neuro-muscular junction has 
been mvestigated m frog’s sartonus and isolated nerve-muscle fibre prepara- 
tions of the M adductor longus 

1 Reduction of ionized calcium m the surroundmg flmd affects the endplate 
region pnor to the nerve endmgs and muscle fibres 

(a) Spontaneous activity resultmg after im m ersion into citrate or 
calcium-free sahne solutions ongmates primarily at the endplates 

(b) Reduction of calaum to of normal first mcreases the exatabil- 

ity of the endplates as judged by repetitive response to a smgle nerve 
impulse Also the sensitivity of the endplates to apphed acetylchohne is 
100-1000 times mcreased Subsequently neuro-muscular block results 
while the nerve endmgs stiU conduct impulses and the muscle action 
potential set up by direct electric stimulabon is not appreciably altered 
It 18 suggested that the block is due either to (i) diminished production 
of the "transmitter,” or (u) diminished electric excitabihty of the end- 
plate region 

2 The part of the sartonus immersed mto calcium-free or calcium-deficient 
sahne becomes negative relative to the rest of the muscle 

3 Excess of lorazed calcium gradually blocks nerve-muscle transmission 
presumably by lowenng the electnc excitabihty of the muscle fibre ad- 
jacent to the endplate 
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(13, 5, 20, 6) It IS shown, however, in the present experiments that the end- 
plate region m muscle responds before the nerve fibres discharge spon- 
taneously 

Further, Fessard (10) and Arvamtaki (2, 3) found that durmg calcium 
deficiency oscillatory potential changes were associated with discharges m 
giant nerve fibres of crabs It was not possible to detect airmlnr membrane 
changes at the endplate region following an excitation by indirect stimula- 
tion through the nerve or precedmg spontaneous discharges An attempt to 
detect the latter was made on isolated nerve-muscle fibres The preparation 
held vertically suspended m paraffin od was lowered mto a citrat^Rmger 
solution while one electrode was kept at the end of the muscle fibre m 
paraffin, the other m the test solution, givmg an effective lead at the sahne- 
paraffin junction When the endplate reached the citrate solution senes of 
impulses were set up there and these could be observed on the oscillograph 
screen No oscillatory potential changes were detected associated with these 
discharges It is possible that the leadmg was not localized enough to detect 
changes which might be only a small fraction of the muscle spike size 

The findmgs regardmg neuro-muscular block seem to be readily ex- 
plained by the effect of calcium lack on the e p p size as seen m curanzed 
muscles and normal smgle nerve-muscle fibre preparations The gradual re- 
duction of the e p p durmg calaum lack is similar to the curarme effect 
Also a dimmution of the "transmitter action” underlymg the e p p (18) does 
probably take place Such dimmution may be correlated with findmgs on the 
supenor cervical ganghon There calcium lack causes a gradual block of 
transmission and at the same tune spontaneous discharges are set up m the 
ganghon cells, a set of observations stnkmgly similar to those m the whole 
mu^e As the synaptic block develops a gradual dimmution m the ACh 
output from the ganghon can be observed (11) 

The responses to nerve stimulation and the size and tune course of the 
e p p suggest that two phases occur durmg calcium lack (i) Increased ex- 
citabfiity of the endplate region and perhaps of the muscle Durmg this 
phase the e p p is not appreciably eiffected, but a smgle nerve impulse can 
set up repetitive responses Also the ACh sensitivity is mcreased durmg that 
period (the same concentration of ACh causes a higher frequency of dis- 
charges from gangha when calcium m the transfusion flmd is reduced [6]) 
(u) block of transmission due to dimmution of the e p p Durmg this state 
the diminished e p p ’s can sum and set up propagated responses if repetitive 
stimulation is apphed 

The change m electrical properties known to occur durmg calcium reduc- 
tion m nerve (21, 14) and probably m other tissues might also account for 
the present findmgs, but this is at present not amenable to direct mvesti- 
gation 

Many of the findmgs m isolated muscle, such as the specific excitabdity 
changes of the endplates were also found m cats and frogs which had their 
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Introduction 

Recent mvestigations suggest that formatiou of acetylcholme is intrinsically 
connected with the potential changes at the neuronal surface occurring dur- 
ing neiwe activity (7, 16, 17, 18) Among the observations supportmg this 
view IS the finding of a locahzation of chohne esterase at the neuronal sur- 
face and its presence there in concentrations high enough to remove acetyl- 
cholme at a rate comparable to that of the potential changes If the activity 
of chohne esterase is related to nervous function as mtunately as suggested 
by tins new concept, the degeneration of nerve fibers should lead to a de- 
crease m tins activity That nervous degeneration is associated with durun- 
ished concentrations of the enzyme has been previously found in studies 
on the skeletal muscle of frogs and ginnea-pigs (3, 4, 5, 12) and m the superior 
cervical sympathetic ganghon of cats (4) In the present paper, observations 
are reported m which the effect of nervous lesions upon the activity of chohne 
esterase withm the central nervous system has been investigated 


METHODS 

The ammala used m this study were mature cats weighing generally from 1 0 to 2 5 

kg 

Operation The animals were operated upon under full surgical anesthesia induced by 
intrapentoneal mjection of sodium nembut^, aseptic conditions bemg rigorously mam- 
tained Spinal laminectomy mvolvmg the 3rd to 7th lumbar vertebrae was performed and 
the dorsal roots sectioned at these five levels In one group of animals, deafferentation was 
earned out on the nght side only, while m a second group, the dorsal roots were severed on 
both sides In ev eiy case, the root was sectioned eitrathecaUy, central to the ganglion, and 
a piece of root about 2 mm in length was removed Care was taken to av oid damage to the 
ventral roots or to blood vessels and no bleedmg was observed during the actual deafferen- 
tation Both the umlateral and bilateral operations were performed in one stage The 
wound was always carefully closed in three planes and only those animals used m which 
the postoperative course was entirely uneventful Postoperativ ely, the cats exhibited the 
usual signs associated with dorsal root section, including anesthesia of the skm areas, 
absence of the knee-jerks and other evndences of nervous impairment 

Sacrifice Animals, both normal and operated, were sacrificed by exsanguination imder 
deep etherization The site of operation was re-exposed and section of the dorsal roots con- 
firmed The cord with its env eloping meninges and attached spinal roots was then carefully 
lifted from the vertebral canal and placed in a shallow dish of mammalian Ringer solution 
Next, the cord was freed from the invcstmg spinal theca and the dorsal roots of the 3rd 
through 7th lumbar segmental nerves traced centrally as they spread fan-wise to enter the 
dorso-lateral sulcus of the cord That part of the cord into which the 3rd, 4th, 5th, 6th. and 
7th lumbar spinal roots enter was cut away and all the dorsal and v entral’ rootlets were 
clipped off flush vnth the cord surface 
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PrcpurdtioTi of the cord block for anolysis This isolatetJ block of cord, BpproxiniHtdy 
3 cm long was placed on the stage of a freezing microtome, the dorsal aspect uppermost, 
and frozen aohd Two vertical, transverse sections were then made through the block 
separating two smaller pieces of cord, designated as A and B, from the cephahe and caudal 
en^ These pieces, each approximately 1 cm long, were dropped immediately mto a solu- 
tion of 10 per cent neutral fonnahn The rmddle part, at about the level of entry of the 6th 
lumbar roots, was used for chemical analysis While still frozen on the microtome, it was 
divided into four wedges as follows With a sharp wafer razor blade, a coronal sUce was 
made through the length of the block at a level plaimed to he immediately dorsal to the 
central canal This section divided the block mto dorsal and ventral portions which were 
then separated mto right and left halves by gently widenmg the dors^ median sulcus and 
ventral median fissure and cuttmg the central commissures with a fine pomted scissors 
Thereby, four pieces were obtamed, which will be referred to as tbe dorsal left, dorsal 
nght, ventral left and ventral right quadrant wedges 

Chemical analysis The four separate quadrant wedges were then weired and ground 
with quartz m Rmger solution and the activity of chohne esterase detemimed by the Bar- 
croft- Warburg manometne method as desenb^ previously (15) As m earher reports, the 
activity of the enzyme is expressed as QChE, that is, the number of mg of acetylchohne 
split by 100 mg of fresh weight of tissue m 60 mmutes 

Preparation of stained sections for determination of percentage of gr^ and white matter 
in the analyzed block Pieces A and B, after fixation m 10 per cent neutral formalm, were 
embedded m paraffin, sectioned at 6;i and the sections immediately above and below the 
analyzed block stamed by Nissl’s method, with hematoxytm and eosm or Cajal’s method 
as used by Hoff (8) These two sections were projected on centimeter-ruled, u^orm thick- 
ness paper at such magnification as to give an image about 18 cm across The outhne of 
the cord and central grey matter was accurately drawn and carefully cut out and the paper 
correspondmg to the grey and white matter m the dorsal and ventral parts of the cord 
weighed separately In this way, the ratio of white to grey matter m each quadrant wedge 
and in the cord as a whole was obtamed, the value bemg taken as the average of the upper 
and lower sections Care was exercised that the ratio of the weights of the dorsal and ventral 
quadrants of papier equalled that of the weights of the tissue actually used 

Results 

A Normal cats The QChE of the spinal cord at the level described above 
was determined m 10 unoperated cats In Table 1 are summarized the values 
obtamed for the four different quadrant wedges The QChE of the grey 
matter is calculated from the observed QChE of the whole tissue For this 
calculation, it is necessary to know the concentration of chohne esterase m 
the white matter and the percentage of grey matter m the whole tissue As 
found m a senes of 8 determmations, the average QChE of white matter 
stopped m thm shces from the surface of the cat’s spmal cord is 0 61 The 
determmation of the ratio of grey to white matter is desenbed above One 
calculation may be given as an example The QChE observed m the ventral 
left quadrant wedge of Cat No 27 was 10 0 Smee 40 5 per cent of this quad- 

59 5 

rant wedge is grey matter, 0 61 X-^ or 0 36 must be subtracted from the 

QChE of 10 0 to obtam the amount of enzyme m the grey matter alone This 
is 9 64 for 40 5 mg or 23 8 for 100 mg of grey matter In the tables are re- 
corded the smgle QChE values observed for the whole tissue as well as the 
corrected average values for grey matter alone 

In the two dorsal quadrant wedges, which usually form between 40 and 
50 per cent of the entu-e block, the concentration m the grey matter was, on 



Table 1 Choline esterase in 6th lumbar segment of spinal cord, determined separately in four quadrant wedges 

Normal cats 
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the average, 13 7 and 13 9 respectively, as compared with QChE of 17 6 and 
18 6 in the two ventral wedges The enzyme concentration is therefore about 
30 per cent higher m the ventral than m the dorsal grey matter 

In mdividual ammals the QChE values generally do not differ from the 
average by more than 20 to 25 per cent m either direction, variations well 
withm the expected range There is no obvious relation between the enzyme 
concentration and the total body weight In view of the low concentration of 
chohne esterase m white matter, the mdividual variations cannot be at- 
tributed to differences m QChE of white matter It must be stated that the 
block was not always shced at precisely the same horizontal level and this 
may possibly influence the QChE values smce the enz 3 nne is undoubtedly 
not evenly distributed m the grey matter However, the differences found 
are much greater than could be explamed m this way 

B Effects of deafferentation In ammals deafferented m the manner de- 
scnbed above and sacrificed approximately two weeks later, the concentra- 
tion of chohne esterase m the spmal cord decreases about equally m all four 
quadrant wedges The results of 8 experiments on cats with unilateral deaf- 
ferentation and with bilateral dorsal root section are summarized m Tables 
2 and 3 The QChE values for the grey matter are calculated m the same way 
as descnbed for normal cats 

Although some values after unilateral or even after bilateral deafferenta- 
tion overlap those obtamed for normal animals, the average values defimtely 
decrease foUowmg the section After cuttmg the nght dorsal roots, the 
QChE values show an average drop m the left dors^ quadrant wedge of 
14 5 per cent and m the right dorsal wedge of 10 8 per cent In the ventral 
wedges, the decrease m absolute vedues as well as m percentage is greater 
18 2 per cent m the left wedge and 23 7 per cent m the right 

The significance of these values is enhanced by the results of the bilateral 
deafferentation experiments m which the percentage decrease is roughly 
twice that found m the experiments with unilateral dorsal root section, 
namely, about 30 per cent m all four quadrant wedges In Table 4 are hsted 
the average QChE values of the grey matter m the four quadrant wedges of 
normal and operated cats In the eight groups of quadrant wedges from op- 
erated ammals which have been compared with the correspondmg nor m al 
there is m every case a drop m the average chohne esterase concentration 
The hkehhood of so consistent a change bemg due to chance alone is only 1 
m 256 or 0 4 per cent Comparmg (by the method descnbed by Fisher 
[p 120]) all the QChE values obtamed for the dorsal quadrant wedges after 
unilateral deafferentation with the figures for the correspondmg wedges m 
aU the bilateral experiments, a value of P of less than 0 02 is denved (6) A 
Hirmlnr comparison between the QChE values for the ventral quadrant 
wedges after the unilateral operation and those obtamed after bilateral dor- 
sal root section also yields a value of P between 0 01 and 0 02 The differ- 
ences between the umlaterally and bilaterally deafferented cords may there- 
fore be regarded as statistically significant whole an even higher degree of 
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• confidence may be placed in the differences between normal and operated 
ammals 

These decreases are the more stnkmg when it is considered that m such 
a block of cord the dorsal roots contribute only a fraction of the nerve end- 
mgs present and that there are a large number of synapses m the block 
which are the terminals of fibers ascending and descendmg from other levels 


Table 4 Average values of QChB of grey matter in four quadrant wedges of 6th lumbar segment 
of spinal cord Values for normal cats are compared with those after right unilateral 
deafferentation and after bilateral deafferentation 


Quadrant 

wedge 

Controls 

(10 

expts ) 

Right 
unilateral 
(8 expts ) j 

Bilateral 
(9 erpts ) 

QChE 

QChE 

per cent 
decrease 

. 

QChE 

per cent 
decrease 

Dorsal 

Left 

13 7 

i 

-14 5 

9 7 

! -29 2 

Right 

13 9 ’ 

1 12 4 

-10 8 

10 4 ! 

1 

-25 2 

1 

Ventral 

Left 

j 17 6 

14 4 

-18 2 

12 2 1 

-30 7 

Right 

18 6 

1 14 2 

-23 7 

12 3 

-33 9 


of the central nervous system Moreover, it should be remembered that the 
enzyme is concentrated not only at the nerve endmgs but also m the cell 
bodies That nearly one thud of the en^me present is localised withm the 
afferent nerve endings is, therefore, remarkable 

Discussion 

In 1937, Marnay and Nachmansohn demonstrated on the frog’s sartonus 
muscle that at motor end plates there eiosts a concentration of chohne ester- 
ase many thousand times as high as m the surroimdmg muscle fiber (10, 11, 
13) Smce that observation, the effect of nervous degeneration on chohne 
esterase activity has been investigated Feng and Tmg confirmed the results 
of Mamay and Nachmansohn and also examined the effect of section of the 
sciatic nerve on the activity of chohne esterase in the toad’s sartonus (5) 
They found a decrease in enzyme concentration of about one thud m that 
part of the muscle contaimng the nerve endmgs In the gastrocnemius of 
guinea-pigs, Mamay and Nachmansohn observed an increase of enzyme con- 
centration following degeneration of the motor nerve (12) This mcrease 
however, is only apparent and must be attnbuted to the reduction m muscle 
fiber volume which occurs after section of the sciatic nerve (3, 4) Correctmg 
for this by exact measurements of the change m volume with simultaneous 
determinations of enzyme activity, it was found that dunng the first 2 weeks 
when the motor nerve endings disappear, the fall m enzyme concentration 
at the motor end plates is small and hardly measurable After 3 to 4 weeks 
























Table 3 Choline esterase m 6th lumbar segment of spinal cord, determined separately in four quadrant wedges 

Bilateral deafferentation in cats 
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zyme activity is obviously greater than could be expected from the concen- 
trations found in the fibers This suggests an increase of the enzyme concen- 
tration m the afferent fibers after they enter the spmal cord and must be 
attributed — as m the experiments vath the superior cervical ganghon to an 
mcrease of surface owmg to the endarbonzation It is difficult to beheve that 
the mechanism of the action potential, i e , the propagation of nerve impulses 
differs fundamentally m afferent and efferent nerve fibers The concentration 
of chohne esterase is of the same order of magmtude m both dorsal and ven- 
tral roots mdicatmg a similar rate of acetylcholine metabolism (15) As has 
been previously discussed, the fact that the presence of acetylchohne could 
not be demonstrated m dorsal roots appears mconclusive (9, 14) The present 
experiments offer additional evidence for assigning to acetylchohne the same 
role m the propagation of nerve impulses in both afferent and efferent fibers 

Summary 

1 The concentration of chohne esterase m the grey matter of the 6th 
lumbar segment of the spmal cord m cats has been determined and the ef- 
fects of unilateral and bilateral deafferentation on the en 2 yme activity have 
been studied 

2 In normal cats, the QChE values were, on the average, 13 7 and 13 9 
m the left and right dorsal quadrant wedges respectively In the left and 
nght ventral quadrant wedges the values obtamed were 17 6 and 18 6 re- 
spectively 

3 After unilateral deafferentation, a decrease of about 10 to 20 per cent 
was observed m all four quadrant wedges After bilateral deafferentation, the 
percentage decrease was approximately twice as great, i e , about 30 per cent 
m all four quadrant wedges 

4 These results are compared with the effects of nervous degeneration on 
chohne esterase activity m muscle and gangha and the imphcations are dis- 
cussed 

We are greatly obbged to Dr Harold Lamport for helpful suggestions regarding the 
statistical analysis of the data 
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when the end plates are already transformed mto sole plates, the decrease 
amounts to 20 to 30 per cent, comparable to that found by Feng and Tmg m 
toad’s sartonus, where no comphcation due to volume changes m the muscle 
IS encoimtered 

In the supenor cervical ganghon, Brucke reported a decrease of chohne 
esterase activity after section of the preganghomc fibers (2) These observa- 
tions, however, were not quantitative and were made under conditions open 
to criticism The substrate concentration was not high enough to saturate 
the enzyme and the rate of hydrolysis therefore was not optimal and not 
smtable for comparison Determmations made by Couteaux and Nachman- 
sohn showed that the enzyme activity m the supenor cervical ganghon of 
cats decreases about 60 per cent m 10 to 12 days, the time durmg which the 
nerve endmgs disappear (4) It then remains constant These experiments 
mdicate that, as at motor end plates, a large fraction of the enz 3 rme is local- 
ized outside the nerve endmgs 

From the decrease of chohne esterase activity withm the ganghon — a 
decrease which is to be attnbuted to the degeneration of the preganghomc 
nerve fibers — it can be calculated that the enz 3 rme concentration of the pre- 
ganghomc fibers inside the ganghon is several times as high as m the same 
fibers before they enter the ganghon Owmg to the extensive endarbonzation, 
the surface of the preganghomc fibers mcreases withm the ganghon There- 
fore, the findmgs of Couteaux and Nachmansohn suggest that the enzyme 
IS localized at the surface of the fibers Direct evidence for this assumption 
has been offered m expenments on the giant axon of the squid (1) 

This localization of the enzyme at the neuronal surface may account for 
the relatively small reduction of the enzyme activity at the motor end plates 
after denervation of the gastrocnemius of gumea-pigs smce the mcrease m 
surface area of these motor nerves at their endmgs is small compared with 
that of preganghomc fibers In the hght of these previous results, the effect 
of section of the dorsal roots on the concentration of chohne esterase withm 
the central nervous system is particularly significant and mdicates an exten- 
sive endarbonzation of the dorsal roots 

The question may be raised whether the changes observed are not the 
results of an impairment of the blood supply of the cord produced by the 
operation rather than a direct effect of the nervous lesion This seems un- 
hkely As stated above, great care was taken to avoid vascular damage and 
hemorrhage Also, it would not be easy to explam the symmetncal decrease 
of QChE m all four quadrant wedges were the lesion of vascular ongm 
Moreover, histological control did not mdicate any damage to the cell bodies 
in Nissl sections Fmally, it is well known that locahzed ischemia of the cord 
IS produced only with difficulty because of the nch anastomoses 

A comparison of the decrease of QChE m the spmal cord block with the 
QChE of the dorsal roots themselves is of mterest Only two determmations 
were made of the QChE of dorsal roots The values obtamed were 0 27 and 
0 31 However, even were the average values higher, the decrease of the en- 
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Introduction 

During previously reported experiments upon the convexity of the hemi- 
sphere of monkeys and chimpanzees, electrodes had frequently heen placed 
on portions of the frontal lobe lymg anterior to area 8, and strychnme been 
apphed m these same regions (4, 11, 6, 3, 1, 2, 9) In this manner much m- 
formation had accumulated which served to simplify and onent the present 
experiments In contrast to the structure and function of the posterior por- 
tion of the frontal lobe, where the cytoarchitectomc distmctions are clear 
and lesions produce defimte results, this antenor portion presents extreme 
difficulties Here m the monkey, Brodmann (8) could distmgmsh four areas 
but then houndanes remam lU defined and as yet no similar study on the 
chimpanzee has heen published Localized unilateral lesions of this region 
produce disturbances which are difficult to detect and, with the exception 
of the area orbitahs dysgranulans, electrical stimulation has yielded no 
clear-cut response Systematic stiychnmization of the frontal poles with 
mapping of the cortical potentials denved therefrom has now been earned 
out on a senes of monkeys and chimpanzees The experiments m the monkey 
are scarcely worth reportmg, for the method failed to define precisely or 
to disclose sigmficant mterrelations between the known cytoarchitectomc 
subdivisions Therefore we wish to report m detail only the work on the 
chimpanzee 

METHOD 

Two chimpanzees were used and these were fully anaesthetized wth Dial Ciba* 
(0 35 cc per kg , one-half intrapentoneally and one-bif mtramusculaxly) The nnimals 
were clamped securely to a board, the temporal muscle and zygoma were remoied and 
the antenor two-thwiis of the hemisphere exposed by wide craniotomy extending from the 
midline to the floor of the frontal and temporal fossae and from glabella to inion The dura 
was then incised and reflected widely, care being taken to preserve, insofar as was possi- 
ble, the venous drainage as well as the pia mater The whole preparation was then inverted 
so that the animal hung supine and the brain sagged away from the base of the skull Area 
8 vvas located by electneal stimulation and observation of eje movements (9) The stimulus 
was of moderate intensity and voltage but of long wave form and duration Area 8 so de- 
fined serv ed ns the postenor boundary of the area to be inv estigated 36 sflv er-silv er chlor- 
ide electrodes were then placed on the convexity of the frontal pole and 12 more on its 
orbital surface — all anterior to area 8 In each eipenment a few square millimeters of filter 
paper moistened wath a saturated solution of st^'chmne sulphate colored wath tolmdine 
blue were applied somewhere to the frontal pole, and the drstribution of the induce! dis- 
turbances was then mapped by recording the actmt^ of all of the electrodes — 6 at a time 

by means of a Grass 6-channel oscillograph The resultant sudden spike-hke voltage, 
mnnj times greater than the normal activitj of the cortex, depends for its size upon the 
Bjuicbronous finng of manv cells It can be recorded wherever a sufficient number of these 

• We wxsh to thank Ciba for placing the Dial at our disposal 
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less extent, the orbitsl surface Figure 3JB schematizes the axonal distribu- 
tion disclosed by strychninization withm the areas in question The area 
having the widest axonal field corresponds approxunately to the area lacking 
callosal connections, for both occupy a roughly curcular area above the sul- 
cus principalis and extend onto its inferior, or lateral, bp (3, 4) It fires into 
all areas on the convexity of the frontal pole In sharpest contrast, the area 
at the tip of the frontal pole shows the most restncted finng on the converity 
of the frontal pole, the disturbance extending only a m illi m eter or two be- 
yond the area strychnmized Between these areas hes a narrow stnp ex- 
tendmg from the medial surface to the sulcus pnnapabs Stiychninization 
m this stnp causes disturbances throughout its length but not elsewhere 
Between the area of maximal axonal field and area 8 hes a second narrow 
stnp where strychnmization causes disturbances propagated only infenorly, 
or laterally, as far as the sulcus pnncipahs The rem ainin g portion of tbe 
convexity lies below the sulcus prmcipahs It contains a large, postenor 
area extending forward from area 8 and upward from just below the orbital 
margm Throughout this area the finng is antero-postenor and postero- 
antenor Between this last area and the area at the tip of the frontal pole, 
and extending thence onto the orbital surface where it becomes adjacent to 
area 8, is another stnp, characterized by finng not only mto aU parts of it- 
self but also mto the area of minimal finng at the tip of the frontal pole The 
two remaimng areas are narrow strips medial to that last descnbed The 
more lateral of these is the area orbitalis dysgranulans which fires all parts of 
itself but no other part of the frontal pole Its connections to remote regions 
are descnbed m an article on the long association tracts of the cortex (5) 
Fmally, medial to this stnp hes a narrow strip of cortex where strychnmi- 
zation causes finng of all parts of this stnp but not of any other part of the 
cortex 

One more pomt must be mentioned — namely, that area 8, as manifest 
by eye movements and by suppression of electncal activily, extends from 
a point only a few millimeters dorsal to the sulcus calloso-margmahs, up- 
ward and thence laterally and then downward across the convexity of the 
hemisphere, and finally occipitally and medially on the orbital surface of 
the hemisphere, to disappear under the tip of the temporal lobe 

DISCUSSION 

Neither the older histological studies of the cortex (8) nor those more 
recent stimulations which indicated that the eye field extended above the 
sulcus arcuatus (10), had suggested the extent of the eye field disclosed in 
these expenments The type of stimulation used was designed to evoke 
responses with a minimum spread of current, and the eye field thus disclosed 
had a sharp margm Its continuation on the orbital surface was extremely 
nnrron Nevertheless, one might have thought that this lower extension 
depended upon spread of current to some underl^ang tract, had it not been 
for the fact that strj'chnme caused a suppression of electncal acti\nty 
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cells send their axones or collaterals Thus this procedure discloses the axonal field of the 
ceUa in the area strychnimzed From previous experiments upon the chimpanzee it 'was 
already known that stryclmimzation of area 8 produded a suppression of electrical activity 
of the cortex (1) This served as a check on the boundary of the frontal pole and was fre- 
quently, though unmtentionally, confirmed m the present experiments Also, from previous 
extensive expenments on the cortex of the convexity (4, 11, 6, 3, 1, 2, 9 ) and orbital aspect 
of the hemisphere (6), it was known that no strychninization of frontal regions postmor 
to area 8 caused strychmne spikes to appear m the frontal pole and that wnth few possible 
exceptions the same held true m the reverse direction Finally, from the work on the com- 
missural systems of the cortex (3, 4) it was already known tiiat except for one area m the 
vicmity of what is presumably the sulcus rectus, or sulcus prmcipahs, the convexity of the 
frontal pole had everywhere homoiotopic projections to the other hemisphere This was 
confirmed again m the present expenments The bram was photograph^ and a careful 
drawmg made, on which the sites of the strychmmzations and of the electrodes and the out- 
hnes of area 8 were plotted and the sulcus pnncipahs identified Then, on the basis of the 
axonal fields as defined by the propagation of strychnine spikes, areas having similar pro- 
jection fields were plotted as the experiment progressed — thus facihtatmg the choice of 
position for the next strychninization 


Results 

On the basis of the axonal fields as defined above, it was at once possible 
to subdivide this entire region into eight areas, of which six appear on the 
convexity of the hemisphere, the lowest extending onto the orbital surface, 
and two others on the orbital surface alone Figure lA schematizes these 
fields on a diagram which is distorted to show both the convexity and, to a 



Fig 1 Functional organization of the firontal pole of the monkey and chimpanzee 
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Estimations of the acetylcholine (ACh) content of different parts of the 
mammahan central nervous system have been made by a number of work- 
ers, employmg a variety of animals {eg ,2, 9, 10, 21) A comparison of their 
results shows that, m general, the cerebellum has the least ACh of any part 
of the bram, while the region of the brainstem has the most Only in a few 
cases have animals other than adults been used (7) The present paper offers 
an analysis of the distribution of ACh m four parts of the bram with refer- 
ence to different developmental stages of the postnatal rat It will be shown 
that the regional distribution of ACh is related to that of chohnesterase, also 
that the resistance of different parts of the mammahan nervous system to 
anoxia and hypoglyceima may be related to the quantitative distribution of 
ACh 


METHODS 

Rats of the Sprague-Dawley albuio strain were used Rats referred to as "adult" 
weighed between 250-450 g , most being about 350 g "Young" rats were 21-26 days old, 
and weighed 30-60 g "Infant” rats were under 24 hours old, and weighed about 5 g each 

Animals were decapitated and the skull was removed dorsally, exposing cerebrum, 
cerebellum and medulla The olfactory bulbs were removed and discarded The cerebrum 
and underlying parts were separated from the cerebellum and medulla The \entral portion 
was separated at the level of the lateral ventricles, this part, which mcluded the mid- 
brain, thalamus, hypothalamus, corpora quadngemma, and the optic chiasma, will be 
referred to as the "brainstem ” That part of the cerebrum which remamed, including the 
cortex, corona radiata, and corpus callosum, is referred to as paUium The cerebellum was 
separated from the underlying pons, uhich, together with the medulla and whatever of 
the spinal cord was included, is called "medulla ” Since decapitation was not always at 
the same level of the neck, the "medulla” was not included m the extracts of "whole 
brains” of different aged rats except where noted in Table IV 

The extraction procedure used was the cold-Rmger method described by Welsh (30), 
which extracts only the "free ACh,” i e , that part of the total ACh readfly extractible in 
water, in the presence of adequate amounts of esenne and without employing a protein 
dennturant 

Extracts were assayed on isolated hearts of the mollusc Venus mercenarta, because of 
Its great sensitii ity to small amounts of ACh Details of the method of employing the 
Venus heart (based on findings of Prosser, 25) for assaying tissue extracts for ACh will 
bo described in a separate publication 

A senes consists of the ACh extracts of the four parts of a whole brain or group of 
brains (Tables I-lII) or the extracts of whole brains of three or more different aged rats 
(Table IV) A senes is to be found on a single honzontal line of a table In assaying, the 
different extracts of a senes wore matched against each other to gi\e relatise saluos within 
the senes, and also they were matched against known concentrations of ACh to gi\e xalues 
in gamma per gram Values gi\ en arc in terms of cqui\ alent w eights of acetylcholme rather 
than of the salt All of the extracts of a giien senes were ussajed on the same heart thus 
the relatiie \alues within a senes arc more reliable than those between different senes 
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exactly as it did elsewhere m area 8, and that strychnine is known to 
act only upon cell bodies 

Strychninization of the frontal pole rostral to area 8 has revealed much 
greater differentiation and more complex mterrelation of dissimilar areas 
than had been anticipated The picture mvites comparison with Brodmann’s 
cytoarchitectomc map, not of the monkey but of man (7), for the areas dis- 
closed here functionally m the chimpanzee are as numerous as the areas 
distmguished anatormcally by him m man Unfortunately, they are so 
different m shape and arrangement as to make it impossible to homologize 
them Far greater correspondence exists between these areas m the chim- 
panzee and those distmguished by von Economo m man (12) — a corre- 
spondence which IS enhanced by omission of those of his final subscnpts 
which mdicate a finer shade of cytoarchitectomc differentiation than can 
be confirmed with assurance 

The outstandmg conclusion of the experiment is that with its relative 
mcrease m bulk the frontal pole of the chimpanzee, mstead of resemblmg 
the ill differentiated frontal pole of the monkey, has come to resemble the 
highly differentiated and complex frontal pole of man 
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mated Values m gamma per gram of tissue were obtamed for five brains, and 
tbe relative values found for the other six were m close agreement, as will be 
seen in Table III The results show that the parts m order of decreasingACh 
content are brainstem, averaging 0 58 y/g , medulla, 0 37 y/g , pallium, 
0 20 7/g , and cerebeUum, 0 10 7/g , tbe differences bemg statistically sig- 
nificant Extracts of spinal cord and spmal nerves were made from five 
adult rats Tbe results of the assays were, for spmal cord, 0 8, 0 8, 1 0, 1 0 
and 1 5y ACh per gram tissue (av 1 0 y/g ) For spmal nerves (chiefly the 


Table 3 The distribution of free ACh in the brains of adult rats 


ACh, 7 /g tissue 

Relative values,* 
cerebellum ■»= 1 

Brainstem 

Medulla 

Pallium 

Cerebellum 

Brainstem 

Medulla 

Pallium 

0 8 

0 50 

mm 

0 08 

10 

6 

1 1 25 

0 6 

0 45 

BSH 

0 1 

6 

4 5 

t 2 

0 7 

0 4 


0 1 

7 

4 

2 8 

0 3 

0 28 

0 16 

0 05 

6 

1 5 5 

i 3 

0 5 

0 25 

0 25 

0 15 

3 3 


i 1 7 

1 

— 


' 

7 


^ 4 

— 

— 


— 

4 


2 

— 

— 


— 

9 


2 5 

— 

— 


— 

5 


2 5 

— 

— 


— 

6 


2 5 

— 

— 


— 

2 5 


2 

Av 0 B 8 

1 0 37 

1 0 2 

1 

6 

1 ^ 

2 


* Extracts of the different parts compared with one another but on the last six not 
matched with known concentrations of ACh 


brachial and sacral plexuses) the results were 3 0, 3 0, 3 5, 3 5, and 4 O7 
ACh per gram of tissue (av 3 47) Relative values for the parts of the nerv- 
ous system of the adult rat are cerebellum, 1, palhum, 2, medulla, 4, bram- 
stem, 6, spmal cord, 10, and spmal nerves, 34 

To obtam an estimate of the quantitative relations of free to total ACh, 
whole brams of 8 adult rats were divided mto right and left halves, one half 
being extracted for free ACh and the other half for total ACh The extraction 
procedures for total ACh were modifications of the method of Mann, Tennen- 
baum and Quastel (22) usmg N HCl, and the method of Chang and Gaddum 
(5) using tnchloracetic acid With both methods the tissues were ground with 
Bihca rather than minced Extraction with N HCl gave values 2-3 times that 
with cold-Ringer, that with tnchloracetic acid gave 1 5-2 times that with 
cold-Rmger 

D ACh content of whole brains of rats of different ages Whole brams of 6 
senes of different aged rats were extracted, and the level of free ACh m them 
was estimated The results, summanzed m Table IV, show that infant rats 
(under 24 hours old) had an average of 0 l7free ACh/g bram, young rats 
(21-26 days old) an average of 0 27, and adult rats an average of 0 47 From 
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Results 

A Distribution of ACh in brains of infant rats The brain parts of five 
groups of infant rats, under 24 hours old, were extracted and the level of 
free ACh was estimated The parts of from 6—18 rats were pooled for a smgle 
senes The foUowmg average ACh values were obtained medulla, 0 60 
r/g , brainstem, 0 28 y/g , cerebellum, 0 26 y/g , and pallium, 0 16 y/g (see 
Table I) It will be seen below that the cerebellum has least ACh per gram 


Table 1 The distribution of free ACh in the brains of infant rats 


Number of 
rats used 

Free ACh, y/g tissue 

Brainstem 

Medulla 

PaUium 

Cerebellum 

18 

0 38 

0 60 

0 30 

0 34 

6 

0 17 

0 18 

0 10 

0 13 

11 

0 33 

1 00 

0 17 

0 40 

9 

0 29 

0 67 

0 17 

0 22 

9 

0 25 

0 67 ! 

1 

0 08 

0 20 

Average | 

' 0 28 

0 60 

0 16 

0 26 


of tissue m young and m adult rats, therefore, for comparison of relative values 
the cerebellum is taken as 1 The relative values of the other parts of the 
infant bram are medulla, 2 3, bramstem, 1 1, and paUium, 0 6 

B Distribution of ACh in brains of young rats The bram parts of mne 
young rats, between the ages of 21 and 26 days, were extracted and assayed 
for free ACh The results, summarized m Table II, show the followmg aver- 


Table 2 The distribution of free ACh in the brains of young rats 


Age in days 

ACh, y/g tissue 

Brainstem | 

Medulla 

PaUium 

CerebeUum 

21 

0 6 

0 8 

0 08 

0 04 

26 

0 8 

1 2 1 


0 15 

25 

1 2 

0 8 


0 19 

26* 

0 6 



0 1 

26* 

0 6 



0 08 

23* 

0 6 

1 0 


0 2 

Av 26 d 

0 7 

0 8 

0 20 

0 13 


* Brainstems, cerebella and medullae of two rats were pooled and extracted together 
The p allium of each ammnl was extracted and assayed separately as a control, m each 
case the assays gave identical values for the two pallia 


age ACh content medulla, 0 8 y/g , brainstem, 0 7 y/g , palhum, 0 20 
y/g , and cerebellum, 0 13 y/g The relative values, if the cerebellum is 
taken as 1, are medulla, 6 1, bramstem, 5 4, and palhum, 1 5 

C Distribution of ACh in brains of adult rats The bram parts of 11 adult 
rats were extracted and the level of free ACh m the different parts was esti- 

























ACETYLCHOLINE IN BRAINS OF RATS 45 

Macintosh (21) in his study of the distnbution of ACh in the nervous 
system of the adult cat found the cerebellum lowest m total ACh (0 18 -y/g ) 
and the autonomic nerves and gangha highest (15-40 7 /g ) Mixed spmal 
nerves gave values of 2 5-7t total ACh/g of tissue Of the several parts of 
the brain the basal gangha were highest m ACh (7 0 7 /g ) while other parts 
gave values mtermediate between cerebellum and basal gangha Barsoum 
(2) m his study of ACh m the bram of dogs obtamed lowest values for the 
cerebellum and highest values for corpus striatum and optic thalami In the 
present study both of these regions were mcluded m the "brainstem ” 
Dikshit (9) likewise obtamed highest values for basal gangha of the cat and 
rabbit and lowest values for the cerebellum, with the gray matter of the 
cerebrum mtermediate These studies are sufficient to show that there is a 
close correlation between the distribution of free and total ACh m different 
parts of the brams of a variety of adult mammals Similar studies have not 
been made on mammals of different ages, but Szepsenwol and Caretti (28) 
m their study of ACh m the bram of the developmg chick obtamed results 
similar to those above on the rat m the chick the medulla contains much 
ACh m the early embryo, which decreases with age, m the rat it is high m the 
infant, mcreases m the young and then falls qmte a bit lower m the adult 
In the chick the ACh m the ^encephalon and mesencephalon mcreases from 
a medium amount m the early stages to a high level which is mamtamed m 
the adult, the ACh in the rat brainstem mcreases from infant to young, then 
there is a very shght dechne m the adult The cerebrum of the chick first has 
very httle ACh, this mcreases and then falls off agam, m the rat palhum the 
amoimt mcreases, then falls off shghtly The chick cerebellum shows a me- 
dium amount of ACh m the early stages, this amount decreases m the older 
chick, m the cerebellum of the rat there is also a decrease m ACh with m- 
creased age Thus there is a general agreement m the quantitative distribu- 
tion of ACh m the nervous system of the developmg chick and that of the 
growmg rat 

Little attempt has been made to determme the possible functional sig- 
nificance of the different amounts of ACh m the several parts of the nervous 
system, nor has the quantitative distribution of ACh been shown to be re- 
lated to any known property or function of the parts of the central nervous 
system If the level of activity of the cortex is influenced by the level of 
ACh, as suggested by Welsh (30), it would be of mterest to know whether 
the amount of ACh present m a umt mass of a portion of the bram is mdica- 
tive of the normal relative activity of that part It is possible that the ob- 
served differences m the ACh content of parts of the nervous system are due 
to variations m the amounts of active roatenal (cell bodies, axons, dendrites) 
m relation to inactive (myelm, etc) No adequate data are available to settle 
tins point but such differences would scarcely account for the spmal nerves 
of the rat having thirty times as much ACh as the cerebellum It is of mter- 
est to attempt to relate the distnbution of ACh to other known properties 
and functions of the parts of the mammahan central nervous system, and 
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Table I it will be seen that the free ACh in the parts of the brain of the infant 
rats are all greater than 0 1 7 /g , the value found for infant whole brains To 
find a possible explanation for this discrepancy, the following expemnents 
were earned out several infant brains were extracted whole, the extraction 
taking 8 or 9 minutes from decapitation until the extract was m the centn- 
fuge The brams of several other mfant rats were divided mto four parts as 
m section a, and extracted separately, the procedure takmg 25-30 mmutes 
until the extracts were m the centrifuge After centnfugmg, the supernatant 
flmd from the four parts was pooled, this, when assayed agamst the extracts 
of "whole” brains, gave values 2-3 tunes as great These experiments, m 
connection with the conclusion of Sykowski, Fazekas and Hunwich (27) that 
there is a greater production of ACh by bram shoes of the newborn than of 
the adult rat, offer a possible explanation for the differences between values 
for ACh m infant whole brains given m Table IV (0 1 7 /g ) and those to be 

Table 4 The free ACh content of whole brains of different aged rats 


Free ACh, yjg tissue 

No mfants 

Adult 

Young 

Infant 

used* 

0 67** 

0 33‘* 

0 16** 

(2) 

0 4 

0 2 

0 12 

(3) 

0 30 

0 12 

0 06 

(6) 

0 4 

0 2 

0 1 

(4) 

0 44 

0 20 

0 10 

(6) 

0 18 

0 12 

0 08 

(6) 

Av 0 4 

0 2 

0 1 



* 2 or more infant brains were pooled and extracted together 

*• In this senes the medulla was included in the "whole bram ” In the others the 
whole brmns consisted of pallium, cerebellum and brainstem 

calculated from Table I (0 24 7 /g , calculated on the basis of percentage 
weights of the different parts) 

Discussion 

The results of this study may be briefly summarized as follows ( 1 ) dif- 
ferent parts of the nervous system of the rat have widely differmg levels of 
free ACh, (u) the relative values of the different parts of the bram change 
with age, e ^ m newborn rats the palhum is lowest m ACh per umt mass and 
the medulla highest, while m adults the cerebellum is lowest and the bram- 
stem highest, (m) there is an mcrease m the free ACh per umt weight of the 
entire bram with age 

There are few detenmnations of free ACh m the central nervous system 
which may be compared with the above but several mvestigators have mdi- 
cated that the amount of total ACh is m general one and one-half to four 
tunes the free ACh (7, 22, 30) The results obtamed above on separate halves 
of brains of adult rats confirm this, the total ACh havmg been found to be 
1 5-3 tunes the free ACh 
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tiorung of the brain In the maintenance of adequate levels of ACh, either 
m the autonomic nervous system (3, 19) or the central nervous system (30) 
supphes of glucose and oxygen are necessary In a perfused cervical ganghon 
of the cat if either of these is withheld the synthesis of ACh slowly dechnes 
In the rat made anoxic by low atmosphenc pressure, or hypoglycemic by 
msuhn mjection, the level of ACh m the cortex falls below normal Smce the 
cerebellum of the cat, which is lowest m ACh (21), is most susceptible to 
anoxia (26), and autonomic gangha, which have the highest ACh content, are 
extremely resistant (1), it is of mterest to examine more closely the order 
with which the various parts of the nervous system respond to oxygen lack. 
This has been done by numerous mvestigators who have observed the ef- 
fects of anoxia on the histology of the cells of different parts of the nervous 
system, on the electncal activity of parts of the bram and on general be- 
havior 

Dennis and Kabat (8) found that the Purkmje cells of the cerebellum 
of the dog are the first cells of the brain to be destroyed by the complete ar- 
rest of cephahc circulation According to references cited m Cannon and 
Burket (4), concemmg primarily the cat, the s ma ll pyramidal cells of the 
cerebrum survive anoxia for 8 mmutes, the Purkmje cells of the cerebellum 
are destroyed after 13 mmutes, the cells of the cerebral cortex are irrepara- 
bly damaged if depnved of their blood supply for 10-15 mmutes, while 
medullary centers survive 20-30 mmutes and spmal centers 40-60 minutes 
Sympathetic gangha survive 60 mmutes of anoxia, and the myenteric plexus, 
highly resistant to anoxia, survives for 2-3 hours The superior cervical gan- 
ghon of the cat recovers, at least partially, after complete mterruption of the 
circulation for 70 mmutes (1) 

After arrest of cephahc circulation the bram potentials of the cat dis- 
appear first m the cerebellar gray, next m the cerebral cortex, and last m 
the medulla, some portions of the bramstem are mtermediate although others 
survive as long as the medulla (26) Gellhom and Kessler (14) have shown 
a sjTiergism of anoxia and hypoglycemiajon cortical potentials of rats In a 
senes of investigations Gellhom and coworkers (see 13, for references) have 
shown a depression of the somatic nervous system durmg anoxia while the 
excitability of the sympathetic system is mcreased From observations on 
humans, by vanous workers, it has been shown that insulm hypoglycemia 
first affects the cerebellum and cortex and lastly the medulla {eg , 17) Of 
the several parts of the nervous ^stem it is apparent that the cerebellum 
and cortex are most susceptible to lack of oxygen and glucose and these 
parts are low in ACh and cholmesterase Autonormc gangha are very resist- 
ant to anoxia and are extremely high m ACh Bramstem and medulla are 
mtermediate m ACh content and m resistance to anoxia and hypoglycemia 
YTnle a parallehsm exists between ACh levels and resistance to anoxia m 
adult mammals there is an inverse relation in rats of different ages Newborn 
rats are very much more resistant to anoxia than are adults (12) but the 
new bom rat has only one-fourth as much ACh per gram of tissue m the brain 
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this will be done to the extent that available data, particularly on the rat, 
allow There are data for the rat on the respiration of parts of the brain, on 
changes m respiration and glucose utdization with age, on distribution of 
chohnesterase in parts of the adult brain and m whole brains of rats of dif- 
ferent ages, and on resistance of rats of different ages to anoxia and insuhn 
h3^oglycemia 

It has been shown (18, 29) that in the adult rat the respiration of the 
cerebral cortex or palhum is highest, the brainstem is next, then the cerebel- 
lum, and that of the medulla is lowest Thus there is no direct correlation 
between the ACh levels and respiration of parts of the adult rat bram 
Himwich, Baker and Fazekas (15), however, found that the excised cerebral 
tissue of rats 1 to 25 days old had a lower oxygen consumption than adult 
tissue This was confirmed by Tyler and van Harreveld (29) who also dem- 
onstrated an mcreased glucose utilization with age Thus the mcreases m 
respiration and glucose utilization with age are paralleled by an mcrease m 
the ACh level of the entire bram The medulla of the newborn rat has the 
highest respiration of the several parts This mcreases up to the fourth week 
and then faUs off until m the adtdt rat the respiration of the medulla is the 
lowest That of the bramstem is relatively low at birth, mcreases up to the 
fifth or sixth week and faUs off shghtly m the adult rat (29) These changes 
are paralleled by the changes m ACh found m the present study Chesler 
and Himwich (6) have recently shown that the glycogen content of the older 
phyletic parts of the central nervous system (cerebellum, medulla, cord) of 
cats and dogs decreases with age, while that of the newer parts (cortex 
caudate nucleus, thalamus) mcreases with age Thus, except for the cortex, 
there is a paraUehsm between the changes m oxygen consumption, glycogen 
content, and ACh level of the older and newer parte of the bram with age 

A close correlation exists m the distribution of ACh and chohnesterase m 
different parte of the rat bram and m whole brams of rate of different ages 
Nachmansohn (23, 24) found, m the adult rat, the lowest Qcie* values 
(2 6-4 1) m the cerebellum and cortex and the highest (8 4-17 9) m parte of 
the bramstem In the whole bram of a newborn rat he found a Qchs of 1 9, 
m a rat of 21 days this had nsen to 7 2 and m a rat of 110 days to 10 5 The 
quantitative agreement is remarkably close as we have found the ACh of the 
adult bramstem to be six times that of the cerebellum and three tunes that of 
the palhum, while the ACh of whole brams of 21—26 day rate is twice that of 
newborn and the ACh of adults is four tunes that of newborn A closer 
comparison of the several parte of the adult rat bram cannot be made as we 
divided the bram m a different manner from that used by Nachmansohn 
m his study of the distribution of chohnesterase Nac hm a n sohn (23, 24) has 
also determmed the chohnesterase activity of parte of the brains of the rab- 
bit, dog, ox and man K the Qcie values for the gray and white matter of the 
palhum are averaged they are the lowest, and of the order of 1 to 2, while 
those of the caudate and lentiform nuclei are highest and of the order of 50 

A contmual s3nithesiB of ACh is probably necessary for the normal func- 
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as does the adult It does, however, have relatively more m themeduUa It is 
possible that the comparatively low level of ACh m the infant bram is 
due to the undeveloped state of the animal The relative proportion of active 
nerve tissue (contammg ACh) may be very much greater m the adult thy m 
m the newborn rat (11, 20) This may account for the relative mcrease 
m ACh per umt weight of brain with age It has been suggested (16) that 
newborn animals can obtam anaerobic energy through glycolysis to a greater 
extent than adults This, together with the fact that the mfant possesses 
a rate of cerebral metabohsm and oi^gen utilization lower than that of the 
adult (18), provides an explanation for the greater resistance of infants to 
anoxia and may account for the mverse relation between ACh levels and re- 
sistance to anoxia in rats of different ages 

Summary 

Estimations of the free ACh of bram tissues of infant, young and adult 
rats were made, also of the spmal cord and spmal nerves of adults In rats 
less than one day old the medulla was found to be highest m ACh (0 6 
y/g ) and the pallium lowest (0 16 y/g ) In adult rat hrams the cerebellum 
was lowest (0 1 y/g) and the bramstem highest (0 58 7 /g ) In the adult 
rat the spmal cord was found to contam more ACh than any part of the 
brain and the spmal nerves more than the spmal cord Takmg the value of 
free ACh m the adult cerebellum as one, the other relative values are pal- 
hum = 2, medulla = 4, brainstem = 6 , spmal cord = 10, spmal nerves = 34 
When whole brams of infant, young and adult rats were extracted and 
assayed the free ACh of the mfant bram was 0 1 7 /g , that of young rats was 
0 2 7 /g , while adults yielded 0 4 7 /g 

An attempt has been made to relate the regional distribution of ACh m 
the mammalian nervous system to other known properties and functions of 
the parts of this system Except for the palhum, the changes m ACh level 
of the parts of the bram, with age, are fairly closely paralleled by changes m 
respiration, glucose utdization and glycogen storage A close correlation has 
been shown between distribution of ACh and that of chohnesterase It is 
pomted out that the order of mcreasmg resistance of the parts of the nervous 
system to anoxia and hypoglycerma is essentially the same as the order of 
parts arranged to show mcreasmg amounts of ACh per umt weight That is, 
those parts which are least resistant to anoxia and hypoglycemia (cerebellum 
and cortex) are lowest m ACh, while those parts w^ch are most resistant, at 
least to anoxia, are highest m ACh (spmal nerves, autonormc gangha) 
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Introduction 

The medial surface of the cerebral cortex in various primates has been 
mapped cytoarchitectomcally by Campbell (4), Brodmann (3), Vogt (13), 
and von Economo and Koskmas (7), and myeloarchitectomcaUy by Mauss 
(9, 10) Marchi and retrograde degeneration studies (11, 14) of mtercortical 
or thalamocortical connections have not been done extensively on this por- 
tion of the cerebrum 

The purpose of the present study is to deterrame the physiologically dis- 
tmguishable areas on the medial surface of the cerebral cortex by their mter- 
and mtra-hemisphencal cortico-cortical connections A study of the medial 
surface of the occipital region has been presented elsewhere (2) 

METHOD 

The functional organization of tbe medial aspect of the cerebral hemisphere was in- 
vestigated by the method of physiological neuronography in 3 macaques (Macaco mulatto) 
and 4 chimpanzees (Pan satyrus), all under DialJ anaesthesia In order to expose the 
medial surface, the cerebral hemisphere was widely exposed, the veins of the pia mater 
emptjung mto the superior longitudinal sinus were coagulated and severed After these 
prehminary operations it was possible to expose the medial side by putting the animal, 
which was firmly tied to a boeud, on its side, and allowing the bram to sag out In one 
macaque and one chimpanzee both hemispheres were exposed in order to explore the 
commissural connections In two other macaques the corpus callosum was transected and 
the anterior tubercle of the thalamus exposed in order to investigate the corticothalamic 
connections The technique of physiological neuronography has been described so fre- 
quently in this journal (1, 6) that it seems unnecessary to repeat the details 

Results 

The foUowmg areas could be identified in both the macaque and chim- 
panzee on or adjacent to the cmgular gyrus 

1 Most of the anterior part of the gyrus cmguh consists of a suppressor 
area Electncal stimulation of this area provokes a relaxation of existme 
muscular tension and abruptly stops a motor after-discharge m a most dra- 
matic manner On local stiychnmization, this area fires itself restnctedly 
1 C , spikes (rapid high fluctuations of voltage) occur in the neighborhood of 
the s^chmmzation but not throughout the whole extent of the area which 

• Rockefeller Tellow, 1941-1942 

1 Guggenheim Fellow, 1941-1942 

t We \\i>!b to tlinnk Cibn for placing the Dnl nt our dispoml 
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nimzation of ting area evokes spikes in tlie anterior tubercle of the tha l a m us 
m the macaque 

3 On the posterior and infenor part of the gyrus cmguh, hugging the 
splemum of the corpus caUosum, there is a small area which fires only locally 
m the cortex but projects to the anterior tubercle of the thalamus in the 
macaque 

4 There is a narrow "belt” on either dorsal or ventral hp of the sulcus 
cmguh To this belt spikes are propagated from all suppressor areas thus far 
identified — i e , from the anterior hmbic area just described under 1, as well 
as from areas 8s, 4s, 2s, and 19s There is some evidence that these different 
areas fire different parts of this belt On the frontal lobe, this strip broadens to 
become a fairly large area extendmg just over the dorsal margin of the hemis- 
phere In the chimpanzee its ventrsd border is formed by a rather constant 
frontal branch of the cmgular sulcus, while its dorso-occipital border runs at 
a distance of about 2 cm from this branch In the parietal lobe the "cmgular 
belt” broadens agam, occupjong the anterior part of the precimeus Spikes 
are projected from any to every part of this belt The anterior part of the 
belt adjacent to the cmgular suppressor area has commissural connections, 
none was found for the postenor part 

On the dorsal part of the medial aspect, between the cmgular sulcus and 
the dorsal margm of the hemisphere, areas 8s, 6, 4s, 4, 3, 1, 2s, 5 and 7 were 
identified 

Certam areas, identifiable on the medial surface of the frontal lobe of the 
chimpanzee but not of the macaque, will be mentioned m the discussion 

Discussion 

It is not easy to homologize all the areas j'ust defined by their cortico- 
cortical connections with those previously defined by then cytoarchitectural 
structure The suppressor area m the rostral part of the gyrus cmguh, defined 
imder 1, is readily identified with Brodmann’s area 24, Rose’s mesocor- 
tex (12) and v Economo and Koskmas’ area LA The postero-dorsal cmgu- 
lar area described under 2 is identifiable as Brodmann’s area 23, or v. 
Economo and Koskmas’ LB Similarly, the area of local finng close to the 
splemum of the corpus callosum, defined under 3, is undoubtedly one of the 
retrosplenial formations recognizable by their cytoarchitecture It is im- 
possible to say which of the three or four small Eireas described m that part 
of the pnmate bram is actually responsible for the phenomena observed, as 
each IS too small to allow accurate topical strychninization In lower forms, 
eg in the bat, where this part of the bram is much better developed, it is 
area 29 which forms the major portion of this region In the pnmate bram, 
therefore, we shall allude to th^ area of restncted finng as area 29. It is 
difficult to identify the "cmgular belt” on cytoarchitectural maps AH stu- 
dents of cytoarchitecture agree that its anterior part is "agranular” while 
1 s postenor part show’s a w ell developed internal granular laver 'The an- 
tenor part of the belt may be area 32, the postenor part area 31 as descnbed 
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yields suppression Finng is observed from one suppressor area to only the 
homologous small focus on the opposite hemisphere From all parts of this 
area spikes are projected to the cmgular belt (see 4) In the macaque, none 
IS projected to the anterior tubercle of the thalamus 



Hemisphere of Macaco mulatto, showing (A) physiologically distinguishable 
areas and (B) their interareal connections 

2 On the postenor and supenor part of the gyrus cmguh there is an 
area which upon local strychniruzation fires itself widely and from which 
spikes are propagated mto the pre-occipital and parastnate areas These are 
roughly synonymous with Brodmann’s 19 and 18 respectively (2) Stiych- 
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gous with areas 32 and 31, which receives connections from all known sup- 
pressor areas of the cortex (24s, 8s, 4s, 2s and 19s) hut does not project to 
them Area 32 has commissural connections, but none has been demonstrated 
for area 31 

Areas on the medial surface of the frontal lobe of the chimpanzee, which 
may correspond to Brodmann’s areas 10, 11 and 12, have been identified 
and their firmg characteristics determmed These were not identified m the 
macaque 

1 Bailey, P , Bonin, G v , Gahol, H W , and McCulloch, W S Functional or- 
ganization of the temporal lobe of monkey (Macaco mulatto) and chimpanzee (Pan 
satyrus) J Neurophysiol , 1943, 6 121—128 

2 Bonin, G v , Garol, H W , and McCulloch, W S The functional organization 
of the occipital lobe Biol Symposia, 1942, 7 165-192 

3 Brodiiann, K Vergleichende Lokalisationslehre der Grosshimrinde J A Barth, 
Leipzig 1909, xn, 324 pp 

4 Campbell, A W Histological studies on the localization of cerebral function Cam- 
bridge, Umversity Press, 1905 xix, 360 pp 

5 Clark, W E Le Gros An experimental study of thalamic coimections m the rat 
Philos Trans ,1Q32, 222 1-28 
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sensory cortex of the monkey (Macaco mulatto) J Neurophysiol , 1938, 1 69-85 
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by Brodmaim in the human bram The ventral bovmdary of the "belt” is 
more dorsal than that of Brodmann’s area 31 Brodmann’s map of the ma- 
caque bears httle resemblance to our findmgs In the bram of the cercopi- 
thecus, Mauss (9) described myeloarchitecturaUy a belt-hke area 31 which 
occupies a position very similar to that of the cmgular belt described here 
That area 32 shows commissural connections, while area 31 does not, may 
be correlated with the (hfFerence m c 3 rtoarchitectural structure Yet the two 
areas have the same ipsdateral cortical connection All known suppressor 
areas fire mto them, and together they may provide an important paneto- 
firontal and fronto-panetal pathway 

It IS clear from our findmgs that the gyrus cmguh may be divided mto 
at least three parts Area 24 forms the anterior cmgular region, for which m 
primates no thalamic radiations have been demonstrated In rodents it re- 
ceives them from the anteromedial thalamic nucleus (5, 8) In the macaque 
areas 29 and 23 form a postenor cmgular sector from which there is a pro- 
jection to the antenor thalamic nucleus Areas 31 and 32 form a supenor 
cmgular region, it is impossible at present to define it m terms of cortico- 
thalamic connections Although the "cmgular belt” receives impulses from 
all suppressor areas, obviously areas 32 and 31 are not responsible for sup- 
pression, for strychnmization of these areas does not lead to suppression of 
spontaneous coi^cal electncal activity, nor does electrical stimulation of 
them lead to suppression of motor response 

In the chimpanzee, at the tap of the medial surface of the frontal lobe we 
have distmgmshed, ventral and antenor to area 32, an area which fires area 
32 but IS not fired by it, this rostral area may correspond to Brodmann’s 
area 10 m man The suppressor mea (24) extends aroimd antenor and ven- 
tral to the genu of the corpus callosum Just m front of the lamina termmahs 
IS an area which we have not been able to expose weU enough to determme 
its firmg charactenstics, here Brodmann locates his area 25 m man Along 
the ventral margm of the medial surface of the human frontal lobe hes Brod- 
mann’s area 11, this region, m the chimpanzee, fires only locally but is fired 
by areas 21 and 22 of the temporal lobe This leaves a central region, which 
has only been foimd to fire locally and corresponds to Brod mann ’s area 12 
m man Of all these areas, only area 10 fires across to the opposite herm- 
sphere We have not been able to distmgiush these areas m the macaque 

Conclusions 

By physiological neuronography the followmg areas on or near the g 3 irus 
cmguh of the macaque and chimpanzee were identified Area 24 m the an- 
tenor part of the gyros is a suppressor area Area 23, m the postenor and 
supenor part, sends impulses to the preoccipital and parastnate areas and 
projects to the antenor nucleus of the thalamus m the macaque Area 29, 
close to the splemum of the corpus callosum, was not found to have other 
cortical connections, but also projects to the antenor nucleus of the thalamus 
m the macaque Along the sulcus cmguh there is a "cmgular belt,” homolo- 
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The recoveky of normal vision after regeneration of the optic nerve demon- 
strated m adult urodele amphibians (8, 9) requires that the mgrowmg optic 
fibers reestablish in the brain centers discnnnnative functional associations 
which are differentially smted to the diverse retmal pomts from which the 
optic fibers arise If the relationships between retmal field and bram centers 
formed m regeneration were disorderly or undi ff erentiated, normal vision 
mvolvmg discrete perception of small objects and their accurate localization 
in space would be impossible 

Conceivably, the central reflex relations as reestablished after regenera- 
tion might not be smtably arranged at first, but become properly adjusted 
only later through experience by a process of trial and error or other means 
of functional adaptation Or the adequacy of the functional effect imght 
somehow operate durmg the process of regeneration to regulate the forma- 
tion of appropnate central connections Both these theoretical possibihties, 
however, have been ruled out m the case of the newt, Tnturus vindescens (8), 
m which it has been found that the restoration of normal vision after optic 
nerve regeneration is qmte mdependent of functional adaptation 

When severance of the optic nerve m this animal is combmed with 180 
degree rotation of the eyeball on its optic axis, visual perception after re- 
covery IS systematically reversed about the optic axis correspondmg to the 
rotated position of the retmal field Reversed optokmetic reactions, errone- 
ous spatial locahzation of small objects, and other clear mdices of reversed 
vision are displayed consistently and without later adjustment, just as m 
animals in which the eyeball has been rotated with the optic nerve left m- 
tact (7) Thus m Tnturus reestahhshment of reflex relabons m the visual 
centers is apparently predetemuned m an orderly manner by growth fac- 
tors regardless of the suitability of the functional effect for the animnl 
Exactly how hnkages between retma and bram centers are systematically 
restored by growth processes reraams to be demonstrated The work on Tn- 
turus suggested certam possible mterpretations, however, and because of 
their important beanng on problems of broader significance concemmg the 
developmental differentiation and integrative action of the nervous system 
it became strongly desirable to make sure that these results were not due 
merely to peculianties of this one species 

The present paper deals accordingly wath an extension of the previous 
expenments on the newt to several species of the distantly related and, so 
far ns the \ isunl system is concerned, more highly developed anuran amphi- 
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Experiments on Tadpoles 

The regenerative capacities of anurans being less great than those of 
urodeles, it was not certain at the start of the experiments to what extent 
visual function might be recovered, if at all, after section of the optic nerve 
The experiments were therefore begun on tadpole stages m which chances 
of recovery would be greater than m adults 

Operations In ten control cases (5 unilateral and 5 bilateral) in which the eye was left 
in normal position, the optic nerve with its sheaths was broken with jewelers’ forceps 
The stumps of the broken nerve floated rather freely in the fluid of the orbit and although 
some attempt was made to bring the ends close together before coagulation occurred, the 
broken ends in the majority of cases remained separated by a distance greater than the 
diameter of the nerve Seventeen experimental cases were also prepared (7 unilateral and 
10 bilateral) m which all ocular muscles were severed and the eyeball was rotated on its 
optic axis through 180 degrees Sei era! days later the nerve of the rotated eye was sec- 
tioned as m the control cases A dorsal approach through a longitudmal mcision over the 
eye was used both m sectionmg the nerve and in rotatmg the eyeball The unoperated eye 
of the unilateral cases in both the control and experimental groups was excised 

Recovery Durmg the first week after operation no optokmetic reactions 
could be elicited m any of the animals The first defitmte signs of recovery 
appeared on the average 13 days after nerve section but the recovery mter- 
vals varied in different cases from 11 to 23 days One unilateral control case 
never recovered vision and two bdateral experimental cases recovered vision 
on only one side Histological exammation revealed that m these three ex- 
ceptional mstances the regeneratmg optic nerve had not succeeded m reach- 
mg the chiasma Surgical readjustment of the eyeball, which had shpped 
out of its mtended position, was necessary m two experimental cases 

Tests of vision The tadpoles in water in a fingerbowl were placed on a stationary plat- 
form inside a revolving upright cyhndncal drum 31 cm in diameter with opaque vertical 
black and white stripes on the inner wall The stripes varied randomly in width firom 2 to 
7 cm The optokinetic reaction was found to be readdy and consistently ehcited with this 
apparatus After recovery was well established the animals were tested regularly over a 
five-day period and at weekly intervals thereafter The 9 control cases and 16 experimental 
cases in which vision was successfully recovered displayed good optokmetic responses 
conforming wnth the following descriptions 

Results With unrotated eye Reactions of the bilateral control cases after 
recovery were quite hke those of normal animals The optokmetic response, 
consisting of an alternate beating of the tail with the strong beats m one 
direction, turned the head and body m that direction m which the visual 
field was revolving Sometimes the animals turned m small circles m a sta- 
tionary position and at other times they swam m larger arcs and circles, 
always in the direction of drum rotation 

The responses of the unilateral control cases were like those of normal 
animals fVom which one eye had been excised Reactions W'hen drum rota- 
tion was toward the blind side were normal but those with drum rotation 
toward the seeing side consisted usually of only a slow sustained flexion of 
the tail not strong or sudden enough to cause any movement of the head and 
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bians, the frogs and toads Included also are the results of some attempts at 
further analysis of the problem, namely, the effects on vision of locahzed 
lesions placed m the optic lobes of the brain before and after optic nerve 
regeneration 

PROCEDURE AND MATERIALS 

Plan of the experiments The general procedure was similar to that used previously in 
the case of Tnturus Severance of the optic nerve was combined with 180 degree rotation 
of the eyeball on ita optic axis With eye rotation the character of visual perception after 
regeneration of nerve connections between retina and brain centers might be (i) normal, 
(ii) reversed about the optic axis corresponding to the reversal of the retinal field, or (lu) 
randomly blurred If the recovered vision turned out to be normal in quality, despite the 
reversed position of the retinal field, it would be strong indication that function is of pri- 
mary importance in regulating establishment of the central connections Recovery of re- 
versed vision, on the other hand, would show that the onginal retino-central relations are 
systematically restored in a predetermined manner regardless of functional effect If visual 
perception on recovery should prove to be neither normal nor systematically reversed but 
instead a blurred confusion, it would indicate that redistribution and termination of the 
regenerating fibers is disorderly and nonselective, ns in peripheral nerve regeneration (14) 

The optic nerve was purposely pulled and teased apart in a rough manner in all cases 
rather than cut cleanly in order to prevent any neat approximation of the ends of in- 
dividual fibers All operations were performed under ether anesthesia with aid of a dissect- 
ing microscope with magnification of 21 times After operation the tadpoles were kept at 
room temperature in 7-hter aquana, and the frogs and toads in moist terrana of the same 
size 

Animats Six species from three different famihes of anurans (Bufo terrestris, Hyla 
cinerea, H crucifer, H squirella, Rana clamitans, and R pipiens) were used in the experi- 
ments ‘ All the animals were gathered in northeastern Florida The specimens of R clami- 
tans were undergoing metamorphosis when brought into the laboratory and were operated 
upon shortly after AH the other adult anunals had attained full size at the time they were 
gathered during their respective breeding seasons The tadpoles were operated on in mid- 
larval stages Although not identified with certainty, they were very probably all H 
crucifer In general the difi'erences in the results obtained on different species were not of 
sufficient importance for the essential problems concerned to warrant burdening the reader 
throughout with the species name of each animal mentioned Hence only the species and 
numbers included under each main treatment will be indicated and the species name of 
individual cases will be stated only where the results gave reason to heheve that there 
might exist some sigmficant species difference 

Criteria of vision The ability to localize small objects in space was the principal index 
of visual perception used in testing recovery in the adult animals The accuracy with which 
frogs, particularly the tree frogs, gauge distance and direction in leaping for prey is quite 
remarkable (3, 6) U cinerea was frequently observed in the course of this study to capture 
with a single leap houseflies walking at a distance of 36 cm , a comparatively easy feat in 
view of some reports This is mentioned only to furnish some indication of the efficiency 
of the anuran visual system No attempt was made in the present experiments to deter- 
mine the limits of such performances The experimental tests were generally made at dis- 
tances between 6 and 16 cm Discrete locahzation of small objects in different sectors of the 
visual field furnishes of course an excellent index of the functional properties or "local 
signs” of different retinal areas 

In the tadpoles the optokinetic response to rotation of the visual field served as the 
chief entenon of visual function Although perhaps not indicative of so great a degree of 
speciahzation in retino-central associations as is the spatial localization of small objects, 
the optokinetic reaction is nevertheless dependent on a certain systematic differentiation 
of central reflex relations Therefore, its recovery after optic nerve regeneration, like the 
recovery of spatial locahzation, requires an orderly reestablishment of speciSc functional 
hnkages between periphery and central nervous system which was the main concern of the 
present experiments 

> For aid in identification of the animals acknowledgment is due Charles M Bogert 
of The American Museum of Natural History 
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Recovery Functional regeneration of the optic nerve, though not so con- 
sistently successful as in the adult urodele, id occur readily in the great 
majority of these adult anurans The first indications of recovery of vision 
began to appear on the average about 25 days after nerve section The re- 
covery penod varied in 
different cases from 21 i 
days to about 33 days In 
two of the experimental 
cases the rotated eye be- 
came necrotic and was 
sloughed off Two other 
experimental cases failed 
to recover vision m the 
rotated eye and two of 
the control cases recov- 
ered vision on only one 
side The eye in these 
latter four instances re- 
tained a healthy external 
appearance, but micro- 
scopic examination re- 
vealed that regeneration 
of the optic nerve had 
been defective Except for 
a very fine strand of fibers 
in one case the regenerat- 
ing axons had frayed out along aberrant courses and had failed to reach the 
chiasma In a fifth experimental case some signs of response to visual stimuh 
reappeared but the responses were too weak, infrequent, and mconsistent 
to permit any conclusions A substantial strand of fibers about | the size 
of the distal nerve stump was found m this case connectmg with the chiasma 
but many small bundles of fibers had misregenerated along nearby struc- 
tures of the orbit The remaimng 14 experimental cases which showed 
successful return of vision included 2 B. terrestns, 3 H cinerea, 2 H crucifer, 
2 H squirella, 3 R clamitans, and 2 R papiens The eight control cases m- 
cluded 1 B terrestris, 1 H cinerea, 2 H crucifer, 2 R clamitans, and 2 R 
pipicns 

Tc'tt’i of iision The abilitj of these 22 animals to localize objects in space was tested 
rcRularlj o\ or a ten-dnj penod beginning about one week after the first signs of recovery 
of function A minimum of 8 tnals per day was recorded for each animal A houseflj im- 
paled on the end of a thin wire sot endwise in a glass rod handle sen, ed as the lure This lure 
was pre<iontod in different sectors of the Msual field in random order It was held with a 
slight oscillntorT, motion because the animals apparentlj stnke almost ezclusnely at mov- 
ing objects Care was taken in testing visual locabzation to eliminate senson cues other 
tlinn \ isunl and to av oid misleading reflections of the test object from the glass walls of the 
contnincrn 

Results with unrotated eye After recot erj' the control cases with eyes m 


Fig 1 Appearance of eye after 180 degree rotation 
in four species of anurans 1 H squirella 2 R clamitans 
3 H cinerea 4 B terrestris 
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Results with rotated eye The reactions of the tadpoles with rotated eyes 
after recovery were essentially like those of normal and control animals ex- 
cept that the direction of the responses was reversed Instead of movmg the 
head m the same direction m which the visual field moved, the animals 
turned m the opposite direction The unilateral cases responded normally 
toward the bhnd side and made only a slow, sustamed tail flexion toward 
the seemg side just as did the unilateral control animals, but the direction of 
drum rotation which ehcited these responses was the opposite from that 
which was effective m evokmg the same responses m the control group 

Reversed vision was also mdicated m these animals by spontaneous cir- 
cus locomotion The bilateral cases swam m circles either clockwise or 
counterclockwise dependmg on how they happened to start The unilateral 
cases circled with the bhnd side toward the center of the arc or circle This 
tendency to swun m curclea was comparable to that shown by Tnturus after 
rotation of the eye (7) Both the reversed optokmetic responses and the spon- 
taneous circhng movements had been displayed m similar form by the bi- 
lateral cases durmg the few days immediately followmg eye rotation pnor 
to optic nerve section The results show that m these anuran larvae just as 
m adult Triturus the central reflex relations are recovered m orderly form 
and their reestabhshment is stnctly detenmned by anatonncal factors re- 
gardless of functional smtabflity 

Effect of experience The tadpoles with rotated eyes were kept at least 1 
month after recovery, four cases were retamed nearly 2 months by which 
tune the forelunbs had emerged The reversed optokmetic reactions and cir- 
cus locomotion persisted m all cases, and m no mstance was any correction 
of the reversed responses noted 

Experiments on Aduet Frogs and Toads 

Operations In 8 control cafles (all bilateral) the optic nerves were sectioned without 
diaturbance of the eyeball or ocular muscles In 19 experimental caaea (all unilateral) 
aeverance of the optic nerve was accompamed by rotation of the eyeball The optic nerve 
was sectioned with jewelers’ forceps through an mcision m the roof of the mouth The inner 
nerve sheath was completely severed in all cases, but m most animals, at least a connectmg 
strand of the dural sheath was left mtact The eyeball was rotated by first severmg all 
attachments to surrounding structures except the blood vessels and the optic nerve This 
was done through two mcisions, one m the roof of the mouth, the other aroimd the outside 
of the cornea The globe was then grasped by the stumps of the ocular muscles and rotated 
anterodorsally on its optic axis through 180 degrees Some of the blood vessels were m- 
evitably broken m the course of rotation, but a sufBcient number remamed to mamtam 
circulation through the ins The degree of rotation was estimated by distmct land m arks 
in the ins and pupil which varied m the different species After it had been adjusted, the 
eyeball was allowed to set and heal m its new position after which the nerve of the rotated 
eye was sectioned as described The appeeurance of the eye about 6 weeks after its rotation 
m four representative cases is illustrate m Fig 1 

Vision m one eye is not easily tested m the presence of vision on the opposite side m 
anurans due to bmocular overlap of the visual fields Hence the contralateral optic nerve 
of the experimental group was sectioned either 3 days before rotatmg the eye (6 cases) or 
about 25 days after (13 cases) Thereafter the contralateral nerve was sectioned once or 
twice agam after mtervals of about 28 days whenever it became apparent that vision had 
been recovered m the unrotated eye 
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tic axis When a fly was held m front of the animals within easy jumpmg 
distance, they wheeled rapidly to the rear instead of str ikin g forward Con- 
trariwise when the lure was held in back of them and a httle to the side they 
struck forward into space When the ani m als came to rest m such a position 
that the lure could be presented well below eye level, they tilted the head 
upward and snapped at the air above When the lure was held above the 
head and a httle caudad to the eye the animals struck downward m front of 
them and got a mouthful of mud and moss When the lure was presented 
successively m front of the animals they kept shiftmg around m circles as 
if the lure had appeared behmd them each time instead of m front This 
bnef descnption of the reversed reactions apphes particularly to the re- 
sponses of the specimens of R clamitans and R pipiens and also to the tree 
frogs when they were restmg on the bottom of the terrana rather than chng- 
mg vertically to the walls The picture was of course somewhat different m 
the tree frogs when respondmg from a vertical position and m the toads, 
which struck mainly with a rapid flick of the tongue The essential reversal 
of the stnkmg reactions, however, was clearly evident m all 14 cases As m 
the adult urodele, Tnturus, and m the tadpoles the results m these adult 
anurans showed that the character of the recovered vision is determined 
systematically by mtrmsic anatomical relations irrespective of the func- 
tional adequacy for the organism 

There was a defimte decrease m tendency to display the optokmetic re- 
sponse to movement of the visual field after eye rotation In 12 of the 14 
cases optokmetic reactions could be ehcited m some degree m preoperative 
tests but only four (1 R pipiens, 1 H crucifer, and 2 H squirdla) displayed 
diBcermble optokinetic reactions after recovery In 5 of the 14 cases the con- 
tralateral nerve had been sectioned 8 days pnor to section of the nerve of 
the rotated eye m order to test m the mterval the effect of eye rotation alone 
with the ongmsd nerve connections mtact When tested all five showed 
nicely reversed stnkmg responses, but only two (both H squirdla) showed 
any optokmetic reactions to rotation of the visual field In both these cases 
the responses were reversed and abnormally exaggerated Both animalR also 
showed spontaneous tummg movements of the head and body whenever 
they were aroused from theur characteristic repose These movements were 
made toward the bhnd side and were thus comparable to the spontaneous 
cucus movements displayed by the tadpoles and adult Tnturus (8) after 
eye rotation After nerve regeneration m these 5 cases, the optokmetic re- 
sponses were the same as before nerve section, i e , absent m 3 cases and re- 
versed and abnormally exaggerated m the two H squirdla Apparently the 
failure m the majority of cases to get as good optokinetic reactions in re- 
verse ns were made m the correct direction preoperatively was thus corre- 
lated wth eye rotation and not with optic nerve regeneration Smce the 
spatial locahzation of small objects was a decidedly more critical test for the 
purpose of the present experiments, no further attempts were made through 
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normal position had no difficulty m locatmg and catching ffies presented m 
any sector of the visual field They struck with normal accuracy at the lure 
withm the 16 cm range tested Although attempts to approach the lure from 
distances as great as 40 cm were noticed a few times m some of the more 
aggressive animals, no systematic tests were conducted at these greater dis- 
tances because of the great vanabihty even among normal ammalB m tend- 
ency to respond The animals made correctly directed preparatory tummg 
movements of the head and body as the lure was moved about from one part 
of the visual field to another That direction of movement was accurately 
perceived was further mdicated by the fact that the more aggressive animais 
frequently struck and caught the lure as it was movmg qmte rapidly across 
the visual field in front of them 

The optokmetic response was also tested, but it proved to be rather van- 
able m these adult anurans even before operation and not a very satisfactory 
mdex of visual recovery Some animals showed qmte good reactions while 
m others the response was barely discermble or lackmg Even the reactions 
of individual cases vaned considerably from one test to another In general 
the reactions were about the same m the control cases after recovery as they 
had been m preoperative tests In the two animals which recovered on only 
one side, however, responses toward the seemg side were absent The opto- 
kmetic reactions after recovery were always correctly correlated with the 
direction of rotation of the visual field All tests mdicated that the recovered 
vision m the control group was normal m character and not confusedly 
blurred as might have been expected if functional termmation of the regen- 
eratmg fibers m the visual centers had been random and non-selective 

It should perhaps be pomted out that the term "normal” is used m de- 
Bcnbmg these results merely m a quahtative sense to distmguish normal 
from randomly confused vision and from reversed vision It is qmte possible 
that quantitatively the recovered vision was not up to normal standards 
Visual acmty and mtensity discmmnation, for example, might weU have 
been subnormal without noticeably affectmg the amm^s’ proficiency withm 
the range covered by these tests Crude tests of the size of movmg objects at 
which the animals would strike, however, faded to reveal any significant 
difference between the operated and unoperated animals Also, the term 
covers only the particular capacities mvolved m locahzmg small objects m 
space (m the adults) and m makmg correct optokmetic reactions (m the tad- 
poles) Form perception, such as it is m amphibians, color discnmmation, if 
present (11), and any other aspect of visuffi function not mvolved m these 
tests may or may not have been normal m character after nerve regenera- 
tion At the same time it must be recognized that the localization of objects 
m space is very probably m adult anurans the primary and most highly 
speciahzed function of vision 

Results with rotated eye Localization of the lure by the experimental cases 
m which the eye had been rotated was from the start reversed about the op- 



OPTIC NERVE REGENERATION 65 

The anurans are exceptionally suitable for this type of test Their tend- 
ency to remain in a set position for long intervals without any movement of 
head or eyes makes it easy to brmg the test object mto such position as to 
stimulate only the particular retmal area desired The fact that responses to 
the lure are made primarily with the head and body without any appreciable 
mdependent exploratory movement of the eyeball also makes for clear-cut 
results Walls’ (11) statement, however, that "no amphibian is known to 
perform any eye movements other than retraction and elevation” is hardly 
accurate Rotatory and tummg movements of the eye m the orbit are pro- 
nounced and stnkmg in the tadpole Such movements are also common, 
though of less amphtude, m adult frogs and toads These movements, how- 
ever, seem to be associated pnmanly with vestibular reflexes, and if any m- 
itial exploratory movements of the eyeball occur mdependently of head and 
body movements, they are certainly so shght as to be neghgible factors as 
far as the foUowmg experiments are concerned 

Opemtions Tests were run first on 15 ammals (1 B terrestris, 6 H cinerea, 7 R clami- 
tans, and 2 R pipiens) with normal optic nerves Lesions involving one half to two thirds 
of the entire lobe were made bilaterally in the anterior, dorsal and postenor portions of the 
lobe, each t 3 rpe of lesion being made in five animals There was no attempt to produce 
lesions in the ventral portion, mamly because of the difl3culty of avoiding injury to afferent 
and efferent fibers running to and from the other parts of the lohe After the skm had been 
cut and reflected the cramum was broken away in small pieces and the outer meninges were 
cut or tom off until the dorsal aspect of the lobes was completely exposed The lesions 
were begun with fine-pointed jewelers’ forceps and completed by the suction method using 
a drawn-out point of glass tubing about 0 3 mm inside diameter A n i m als were selected 
which were hungry and approached and struck readily at the lure when it was presented 
from any direction above, below, behind, or in front of them 

When tested withm an hour after operation the five animals with the 
antenor part of the lobe mtact made no response when the lure was shown 
m the back part of the visual field but struck vigorously and accurately when 
it was shown in front The five ammals m which the ventral part of the lobe 
remamed intact made no response when the lure was presented anywhere m 
the visual field above them but turned or struck forward readily when it was 
presented below eye level When the lure was presented behmd the five cases 
in which the postenor part of the lobe was mtact, they turned qmckly so as 
to face the lure m preparation to stnke just as do normal animals but, when 
they had thus turned and the lure was directly in front of them, they made 
no further response until it was agam moved into the back part of the visual 
field By repeatmg the performance these ammals could be made to turn 
around in cucles without ever staking at the lure although they came mto 
a good stnkmg position with each turn These 15 cases were agam tested on 
several occasions dunng the following three days with similar results 
That the retina normally is projected upon the optic lobe m an orderly 
rnanncr vath the retinal axes reversed m the tectum is clearly indicated by 
these efTecls of lectal lesions The results confirm the conclusions regardmg 
Icclal termination of optic fibers in anurans reached by Stroer (10) on the 

asis of anatomical studies Just how precise, that is, how close to a point- 
to-point correlation, the retinal projection is in these anurans cannot, of 
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adaptation of the testing apparatus and method to obtam more consistent 
ehcitation of the optokmetic reflex In the 4 cases which exhibited the opto- 
kmetic response after recovery, it was made m reverse 

Effect of experience After the reversed nature of the recovered vision had 
been ascertamed, the animals were thereafter fed and tested only irregularly 
and no special attempt was made to determme the anurans’ abihiy to correct 
reversed visual reactions by the leammg process over an extended period of 
time The foilowmg observations are therefore only suggestive, not conclu- 
sive 

All 14 of the adult cases with rotated eyes were kept at least 30 days 
after recovery of vision and four were kept longer than 70 days Eight of the 
a n i m a l s, never especially voracious feeders m the laboratory, showed no re- 
hable change m their tendency to respond m reverse Four cases, two of 
which had at first been qmte aggressive m their misguided efforts to catch 
the lure, gradually became less responsive and finally refused to strike at the 
lure at all After reachmg this state, however, they also refused to eat even 
when flies were brought mto direct contact with the nose, the regular method 
by which the animals with reversed vision were fed It was thus not entirely 
clear m these four cases that the gradual decrease m frequency and vigor of 
reversed reactions was mdicative of leammg Two other cases sacrificed at 
78 and 83 days after recovery remamed, on the other hand, particularly ac- 
tive and aggressive to the end m their misdirected attempts to catch the lure 
whenever it came m sight 

Durmg the post-recovery penod hvmg flies placed periodically m the 
terrana with the animals with reversed vision remamed uncaught except for 
the few that hghted or walked directly upon the animals, whereas they were 
immediately snatched up when placed m terrana with the animals with im- 
rotated eyes which had recovered normal vision The reversed optokmetic 
reactions and the spontmeous circus movements observed m the two H 
squirella were still present at 40 days and 44 days after recovery when the 
animals were sacrificed Thus m summary, there was a suggestion that the 
adult anuran may m some cases learn to inhibit the useless reversed reac- 
tions, but no mdication m any case of a positive correction 

RETINAL PROJECTION ON THE OPTIC LOBE 

In trymg to determme how the central associations are formed m regen- 
eration it becomes important to know whether fibers from any given retmal 
region have to make their way to a special localized area of the optic lobe m 
order to establish correct functional relations or whether it makes no differ- 
ence m which region of the optic lobe the mgrowmg fibers happen to termi- 
nate If there exists an orderly projection of the retma upon the optic lobe, 
localized lesions therem should produce scotomas or bhnd spots m the visual 
field Such bhnd spots should be detectable by notmg the sectors of the 
visual field m which a lure can be held without ehcitmg any response, pro- 
vided, of course, the animals respond readily when the lure is shifted mto 
other sectors 
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was sectioned longitudinally in di£Ferent planes at lO/i The findings in those cases in which 
visual recovery was unsuccessful have already been mentioned 

The point at which the optic nerve had been cut was recognizable, particularly in the 
adult animals, by an enlargement of the nerve trunk through which indivudual fibers and 
small fiber bundles took intertwined and tortuous routes From the entangled appearance 
of the neuromatous scar region it was apparent that there had not been an orderly fiber 
outgroivtb in bndgmg the gap between the distal and proximal nerve stumps The sys- 
tematic restoration of proper central linkages in spite of chaotic outgrowth across the nen e 
gap seems unaccountable except on the assumption that fibers from different retinal re- 
gions have specific inherent properties which influence selectively the formation of central 
associations 

Because of the small size and great number of fibers in the optic nerve of these 
anurans — Breusch and Arey (2) estimate 29,000 fibers m R ptpiens — the histological 
picture was too comphcated to make possible any inferences regardmg the question of 
whether or not the regenerating fibers attam an orderly segregation m the pro xim al stump 
or in the central tracts en route to the optic lobe The results of tectal lesions do not settle 
the question because It is possible that the mgrowmg fibers reach the optic lobe with a 
random distribution but only those succeed m estabhshmg functional S 3 rnaptic connections 
which happen by chance to enter their proper area 

Postmortem exammation of the tectal lesions revealed that theur general location was 
as intended, but there was considerable variation in border outhne The nature of the 
lesions and also of the behavonal tests did not permit any detafied quantitative compan- 
sons of the precision of retinal projection m normal and regenerated nerv'es 

Comment 

The foregoing data on recovery of vision after optic nerve regeneration 
in SIX different species of auuran amphibians support the previous conclu- 
sions based on visual recovery m the urodele Tnturus (8) liiese conclusions 
and their logical basis are, bnefly, as follows Smce stimulation of different 
retmal areas evokes different responses, each retmal locus must possess func- 
tional connections with the bram centers dififenng from tho^ of aU other 
areas After optic nerve regeneration these differential relations between 
retma and visual centers are systematically restored m their ongmal form, 
as shown by tests of optokmetic responses and visual localization of small 
objects This orderly restoration of central reflex relations occurs regardless 
of the orientation of the retma, despite a maladaptive effect for the organ- 
ism, and must therefore be regulated by growth factors independently of 
functional adaptation As this would otherwise be impossible the mgrowmg 
optic fibers must possess specific properties of some sort by which they are 
differentially distmguished m the centers accordmg to their respective retmal 
ongins The previous discussion of these pomts with some of their imphca- 
tions (8) IS in large part apphcable to the present data and need not be re- 
peated 

Tlie orderly topographical arrangement of functional relations found m 
the optic lobe after optic nerve regeneration is difficult to explam without 
assuming that the secondary neurons of the optic tectum are also bio- 
chemically dissimilar, possessing differential affimties for fibers ansme from 
different retinal quadrants The results thus lend further support to the sup- 
position that neurons of the central nervous system are specified hiochenu- 
wlly in much greater degree than is evident from them morphological vana- 
lions A degree of central neuron specification is indicated which approaches 
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course, be deduced from the above results The observations can be taken 
to indicate only grossly the existence of an orderly projection of the retmal 
field upon the optic lohe 

RETINAL PROJECTION AFTER NERVE REGENERATION 

Smce the redistnbution of nerve fibers m regeneration has elsewhere been 
shown to be indiscriminate both m mammals (4) and m amphihians (14) the 
question arose as to whether the systematic projection of the optic fibers on 
the tectum might not be drastically disarranged after regeneration, necessi- 
tatmg a rather complete reorganization of secondary synaptic associations 
m the optic lobe Accordmgly, tectal lesions similar to the precedmg were 
made m a group of animals which had recovered vision followmg complete 
severance and regeneration of the optic nerve 

Operations Eight cases (1 B terrestris, 4 H cinerea, 1 H squirella, 1 R clamitans, and 
1 R pipiens) were selected which had recovered normal vision after optic nerve regenera- 
tion and were quite aggressive in their attempts to approach and snap at the lure when it 
was presented in any part of the visual field Anterior lesions were made in 4 cases, pos- 
terior in 2 cases, and medial lesions in the remaining 2 Anterior lesions were stressed be- 
cause the behavioral check is more stnkmgly conclusive Under normal conditions an 
animal partially dismclined to strike at the lure will often not shift the head and body 
in order to get at the lure to the rear but wdl strike forward where the lure is easily acces- 
sible Thus animals that would turn around to get at the lure — as they did after anterior 
lesions m the above cases — would certainly strike at the luxe directly m front of them if it 
could be seen Three of the eight cases were selected from the control group and the re- 
mairung five, all unilateral, were chosen from a group of extra cases prepared especially 
for the purpose 

The types of scotoma produced m these cases with regenerated optic 
nerves conformed consistently with those which had resulted m the fore- 
gomg group of normal aiumals Posterior lesions abohshed responses to the 
lure held behmd, dorsal lesions to the lure held above, and antenor lesions 
to the lure held m front of the animals Two additional cases {B terrestris, 
H squirella) from the experimental group which had recovered reversed 
vision were also tested A lesion m the antenor part of the optic lobe m one 
of them abohshed responses to the lure presented behmd the animal When 
the lure was held m front, this animal responded by tummg around to the 
rear m charactenstic reversed manner In the other case a medial tectal 
lesion abohshed responses to the lure when it was held below eye level but 
did not ehmmate the reversed reactions to the lure when it was presented 
well above eye level From the nature of the scotomas produced by tectal 
lesions m these ten cases with regenerated optic nerves it may be concluded 
that the mgrowmg optic fibers reestablish functional associations m the 
same topographic^ areas of the optic lobe m which they ongmally ter- 
mmated and that no major reorganization of secondary S3maptic relations is 
mvolved m the recovery of function 

ANATO&aCAL CHECKS 

All cases in which recovery of vision was absent or deficient, 2 tadpoles and 3 adults 
which recovered normal vision, and 3 tadpoles and 7 adults which recovered reversed vision 
were prepared for microscopic examination by the Bodian (1) method The optic nerve 

Arli-^8 
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whose retinas had been left in normal position but reversed about the optic 
axis m ammnlfi whose retmas had been rotated through 180 degrees prior 
to nerve section 

3 The location of scotomas produced by localized lesions m the optic 
tectum after optic nerve regeneration mdicated that optic fibers from dif- 
ferent retmal loci had reestablished functional connections m the same areas 
of the optic lobe to which they had ongmally projected 
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the degree of innate functional differentiation and which presumably plays 
an important role m the ontogenetic detemunation and differentiation of 
inherent mtegrating patterns 

Where the functional properties withm central nuclei have an orderly 
distribution correspondmg with anatomical dimensions as m the anuran op- 
tic lobe, it IS conceivable that a basic embryomc specification arises through 
central self-differentiation of the nuclear mass itself Under such conditions 
the conjecture that specification of the tectal neurons may be induced via 
the more early differentiatmg motor and adjustor systems becomes unneces- 
sary, although later acquisition of afferent and efferent relations may well 
result m further mdividuation superimposed upon the initial nuclear field 

The conclusion that function is not the organizmg factor m the reestab- 
lishment of systematic reflex relations m these experiments m no way con- 
tradicts the possibihty that function, as a generalized, non-specific factor, 
may be of importance for the normal healthy mamtenance and development 
of nerve structures That neuron discharge acts by itself m any specific man- 
ner, in optic nerve regeneration to regulate the formation of proper rather 
than improper or mdiscnminate reflex associations, however, seems unten- 
able An inherent physico-chemical differentiation of the optic fibers must 
be inferred 

That such neuron differentiation is extremely important m the estab- 
lishment of proper hnkages between centers and peripheral end organs, m 
amphibians at least, becomes mcreasmgly evident Whether these linkages 
are detenmned primarily on a physiological basis mvolvmg specific modes 
of excitatory discharge and selective detection as envisaged m the res- 
onance prmciple (13) or depend upon specific structural associations the 
formation of which is regulated through the influence of penpheral differ- 
entiation on central synaptic growth, as more recently proposed (6, 8), re- 
mams uncertam The excitatory charactenstics of mononeural connections 
between receptor and effector organs (12) and the fact that separate muscles 
which function asynchronously can be excited mdependently m then normal 
action phase by branches of a smgle motor axon (13, 14) seem more satis- 
factorily explamed by the resonance prmciple Until these latter phenomena 
have been more thoroughly studied, however, it seems advisable to stress 
at present the alternative possibflity of mterpretmg effects of neuron specifi- 
cation on a more orthodox connectiomst basis 

Summary 

1 In larval and adult anurans of six different species regeneration of the 
optic nerve resulted m a return of visual perception which was well organ- 
ized, not an mtermmgled confusion Distmct and consistent responses to 
position and direction of movement of objects m the visual field were re- 
covered 

2 The orientation of visuomotor responses after recovery, however, was 
dependent upon the orientation of the retma It was normal m animals 
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Various types of sensory spots of the human skm can be mdividually and 
precisely stimulated by electric currents (8) Spots so identified appear to 
be identical to the sensory spots located by mechanical or other stimulation, 
while the electncal stimulus may be more accurately controlled, more 
sharply localized, and of shorter duration than other types of stimulus In 
a previous report a techmque was described for controlled stimulation by 
means of electric spark discharges, without mechamcal deformation of the 
skm, (2) and the sensory responses were noted to strmuh in various patterns 
of ftequency and strength for touch and for pnckmg-pam endmgs The 
present work deals with the latter only, m an attempt to further define the 
structural and functional characteristics of what appear to be m some re- 
spects sensory umts, but which are capable of mducmg, under different 
patterns of stimulation, sensations of hght contact, pnck, itch or pam, all 
from the same mmute locus 


PROCEDURE 

A first requirement was to isolate by some means an mdividual unit in the skin sensory 
mosaic Of what this is a unit, may be a matter of debate, but a unit of a sort can be 
isolated by anaesthesia of a nerve twig supplying a limited area of skin Advantage may be 
taken of the ov erlap between the distributions of adjacent twigs or of separate nerv es sup- 
plying an area, a phenomenon well known If a small twig is blocked, at the periphery of 
its field of reference there will be found an occasional spot anaesthetized which is entirely 
surrounded by normally sensitive spots innervated by other twigs On the other hand, 
there will be an occasional spot near the center of the field of reference which will be nor- 
mally sensitive, but surrounded by anaesthetized spots In the more fortunate cases a 
pnck spot may bo so located in an area where ordinary touch is also completely blocked, a 
coincidence involvnng two vanables, the somewhat independently overlapping distnbutions 
of touch and pnck After a number of trials, it appear^ desirable to plot the nerve distri- 
bution over a considerable area of the author’s nght arm 'The courses of nerve twigs 
were located by strong stimuli through the skin, and areas to which sensations were referred 
were then mapped in detail 

A repetitive stimulus of ten per second was emplojed, of a strength which may be 
evaluated functionally ns follows The skin was shaved and thoroughly dned, and tests 
Were earned out m a room at 75°F A few sensory spots were initially explored, and their 
most sensitive foci accurately marked wath ink Between adjacent "high” spots pnck could 
Ik? felt almost anywhere if the stimulus were strong enough The strength was set to pro- 
duce threshold pnck sensation at a region about half waj between pnck foci, disregarding 
the fact that in some small areas no pnck could be obtained at all with stimuli of any 
reasonable strength When this strength of repetitive shocks was appbed to the more sen- 
sitive pnck foci, sharp and persisting pain was felt These foci were marked as crosses with 
indobWe ink Other foci gave definite pnck at this strength which was not judged to be 
actunllj painful and thc<c were marked with simple dots This same strength of stimulus 
was at nlxiut the lower limit of what would directlj stimulate a nerve twag through the 
skin, and npparentlj onlj in those repons where such a twig lay unusually shallow A mild 
touch sensation was then referred to an area more or less remote Such a stimulus also 
I xciU“f touch < nding- nt many points but this sensation can bo readily differentiated from 
pnik and ignon-d Pnck in general has a lower electncal threshold than does touch (8), 

Aidial b\ a grant from the Rockefeller Foundation for research in Neurophvsiology. 
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After so mapping an area m the distribution of a nerve branch, 0 25 cc of 
2 per cent novocame was mjected intra- or ]ust sub-dennally along the 
course of the nerve Pnck was abolished usually within five minutes, and 
began to return withm twenty nunutes Touch was abohshed in over half 
the trials, for a maximum of ten nunutes Smce the larger touch fibers in 
peripheral nerves are less easily blocked by novocame than are pnckmg pam 
fibers (4), even partial abohtion of touch mdicates that all pnck fibers m 
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Fig 2 Area of dorsal surface of rjght forearm, mnervated chiefly by branches of the 
dorsal antibrachial cutaneous ner\e (A), and partly by medial antibrachial branches (B) 
At C the lateral antibrachial cutaneous sends branches across the back of wnst and hand to 
innervate the region just distal to that plotted here, and supphes the area of Fig 3 continu- 
ous with this figure Pricking pain points were first plotted, the more sensitive as crosses, 
the less sensitiv e as dots, in areas of reference of sensation when nerv e branches were stimu- 
lated elcctncally through the skin The branches so located were then individually anaes- 
thetized and the points whose stimulation no longer gave a sensation of pnck or pain were 
encircled by symbols as follows branches 1 and 8, inferred by presence of spots marked as 
dots, not otherwise accounted for, 2, open circles, 3, triangles, 4, dots and crosses, 5, sohd 
circles, 6, open squares, 7, open circles The remainmg pomts, not blocked by anaesthesia 
of the main nerve at the elbow, marked as solid squares, are apparently innervated by 
branches of the medial cutaneous Points whose sensitivuty was reduced but not completely 
blocked by anaesthesia of a given branch arc marked by a half of the symbol used for 
that branch Many of these points w ere also partially blocked by anaesthesia of an adjacent 
branch, not indicated here, see Fig 3 Sites of injection of anaesthesia marked by large 
solid circles, nerve courses in full lines Branches inferred but not found marked in dash 
lines Beduced about one-half Wnsl joint at D, elbow joint just off figure to right 

that tw'ig wtH have been completely blocked After complete recovery the 
spots were again tested electrically 

Figure 2 is a composite diagram of distnbutions plotted on the dorsal 
surface of the right forearm Branches of the dorsal antibrachial cutaneous 
2, 3, 6 and 7 could be located by direct stimulation Branch 5 was anesthe- 
ti7ed by n random shot where a vacancy in the distribution of endmgs mdi- 
catcd its presence Branch 4 is inferred from the fact that blockmg of the 
whole nerve just below the elbow’ abohshed sensitu’ity from a group of end- 


72 


G H BISHOP 


although the least sensitive areas for pnck on the forearm have a shghtly higher threshold 
than the most sensitive touch spots The most sensitive points for pnck and touch are m 
general roughly staggered, and are rarely so closely adjacent as to be confusmg 

Two features of this procedure mdicate that nerve endings or end-organs rather than 
nerve Mons are stimulated First, the nerve fibers that serve pnck in penpheral nerves have 
a higher threshold than do those for touch (3), the reverse of the order of the present results 
Secondly, a strong stimulus to a nerve fiber, if bnef, stiU gives nse to only one impulse, and 
previous work has indicated that this does not result m a sensation of pnck On the other 
hand a smgle bnef shock to a pnck focus gives a pncking or painful sensation which, at 
only moderately above threshold, noticeably persists 

Sensory Distribution of Nerve Branches 

If now the stunulatmg needle is moved across the skm surface, just out 
of contact with the skui,^ under a hand lens, and passmg from one sensitive 
focus to another, the sensation fluctuates m mtensity as the spark discharges 
trace a hne across the skm The result can be represented as a contour of 
mtensity of sensation vs distance, as m Fig 1 A The map of the skm, B, 
appears as a mosaic, of which the contour is m a sense a cross-section Each 
cross or dot represents a mmute and sharply located focus more sensitive 
than its immediate surroimdmgs The hnes between and enclosmg these foci 
m roughly hexagonal areas constitute the locus of minimal sensitivity, not 
necessarily of constant sensitivity, and not m general completely msensitive 
The sharpness of the peaks m contour A gives a fair picture of the pomt- 
hke character of the pnck foci 

Fig 1 A Schematic plot of 
quantity of pncking pam sensa- 
tion vs distance due to a con- 
stant stimulus, as the stunulatmg 
electrode is moved across the skm 
surface from one sensory high 
spot to another Judgments of 
pnck and pam are indicated by 
dots and crosses respectively 
above the peaks B Schematic 
diagram of sensory areas of the 
skm, the central symbol of each 
area locatmg the most sensitive 
point, the Imes dividmg the areas 
being the loci of least sensation 
In some small areas (no central 
symbol) no pnck is aroused by 
even reasonably strong stimuh 

Each electrical mappmg is checked over with a sharp needle pomt ap- 
phed mechamcally with too shght pressure to penetrate the skm The loca- 
tion of foci by the two methods always checks, but the estiinates of relative 
sensitivity of different foci may not In cases of disagreement the results of 
electrical stimulation are those employed 

1 While it IS possible to so stimulate without touching the skm, routme experiments are 
easier to carry out if the needle rests on the skm surface A number thirty-six B and S 
gauge wire 5 cm long m an insulated holder was employed, and on the shaved skm its 
contact or even motion cannot be felt, even as touch, until current flows If hairs are 
present, such an instrument may bend them sufficiently to cause sensation 
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possibility however that all of what are apparently unit cells in a mosaic 
^ multiply innervated The differences in sensitivity of the foci of different 
unit areas might he due to differences m number of fibers innervating them, 
but this also is conjectural 

It was stated that the unit sensory area that could be isolated extended 
about bnlf way &om a given blocked high pomt to adjacent pomts Actually 
the anaesthetic area is shghtly but consistently smaller than this That is. 



Fig 3 Two nerve block experunents on successive days, lateral surface of lower arm 
just above wnst, region on Fig 2 marked C Symbols large dot in circle, injection site, 
first day, needle inserted centrally along nerve for about 5 ram Touch abolished over 
central area, dumnished over rest of area where pam spots were blocked, dots, pnck spots 
located before block, crosses, more severe pncking pain at strength of stimulus employed, 
circles about these symbols, spots completely anaesthetic after block, half circles, dimin- 
ished sensation Large dot in square, injection site second day, squares and half-squares, 
completely or partially blocked spots as above, area encircled by dash Ime, numb to touch 
Crosses with half circle and half square, two spots of high uutial sensation, paitiMy an- 
aesthetic after block of either nerve twig, and therefore presumably innervated by at least 
one fiber from each Large dots abov e figure, india ink tatoo marks for reference and regis- 
ter of tracings of different experiments Nerve twigs were located before injection by strong 
stimuli through the skin The area of touch abolition encircled indicates that many more 
pain spots were affected by regions not explored, the margin between two twig distribu- 
tions where multiple innervation might be detected was the object of investigation The 
course of nerve branches is indicated in full lines 

the sensation from normal areas surroundmg an anaesthetic unit decreases in 
intensity, with a constant stimulus, from each high pomt to shghtly beyond 
half the distance to the blocked focus, where it can still be recogmzed as a 
definite pnck This must mean either that the electnc stimulus spreads be- 
neath the skin surface to stimulate endings a milhmeter or more distant, or 
that the distnbutions of endmgs of adjacent areas overlap In either case the 
result wall be that a stimulus applied half way between tw'o normal high 
points wall activate the penpheral distnbutions of both of them This over- 
lap might be expected to result in summation, wath an increased sensory 
effect from along this line of real or vartual oierlap as compared to adjacent 
territory, but such is not found to be the case This region of marginal 
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mgs not previously reached The more mterestmg of these branches have 
been blocked two or more times Branches 1 and 8 are inferred from the dis- 
tribution of pomts not otherwise accoimted for After block of the whole 
nerve, a fair distribution of spots over the whole area remamed sensitive and 
were presumably innervated by a branch of the medial antibrachial cutane- 
ous from the opposite direction The expected branch could be located me- 
dially just below the elbow, and touch sensation from its stimulation was 
referred to the area previously plotted 

Pertment features of this distribution pattern may be mdicated First, 
for the mam branches m the arm, the distribution of each overlaps that of its 
neighbor at least half way, so that any small area may contam sensory 
spots innervated by each of three branches from the same nerve, and m addi- 
tion by branches from an entirely different nerve Second, the concentration 
of spots mnervated from any one branch is greatest at the center of its 
distnbution 

Character of a unit prick spot After complete block of one nerve branch, 
the smallest area completely anaesthetized, and stiU completely bounded by 
sensitive areas, consists of one high pomt or focus, plus the area around it 
extendmg approximately half way to adjacent foci Similarly, the smallest 
area still sensitive, but completely boimded by anaesthetic areas, is a similar 
umt As noted above, such spots are found m the periphery and near the 
center respectively of the nerve’s distnbution, and their isolation must be 
due to overlap of fibers from one nerve mto the distnbution area of another 
(Fig 2 and 3) A first inference might be that such a umt area comprises the 
distnbution of the termmals of only one nerve fiber, or at least of one branch 
of one fiber, but this is certainly not true m some cases The exception may 
be demonstrated by the presence, after thorough nerve block, of certam foci 
whose sensitivity is matenally reduced, but defimtely not abohshed These 
number not over one third of the number of foci from which sensation is 
completely abohshed, and must mdicate that a fiber from some other branch 
than the one blocked also innervates the locus m question The estimate of 
whether the sensation is reduced by anaesthesia which does not abolish it 
IS a precarious one for the less sensitive spots, but is fairly conclusive m the 
case of the more sensitive (marked by crosses), especially when equally 
sensitive spots m the immediate neighborhood remain normal, so that spe- 
cific comparisons can be made durmg, before and after anaesthesia A sensa- 
tion whi^ before or after block is defimtely painful, becomes for such par- 
tially blocked spots a non-pamful but still defimte pnck, approximately like 
that from the unaesthetized spots designated as dots on the chart In a 
number of cases the block of either of two nerves has diminished the response 
from a given spot 

If two fibers from two different nerve branches may thus innervate an area 
which has certam umtary characteristics, it is highly probable that two or 
more fibers from the same branch will do the same, and perhaps more often 
The present techmque is madequate to test the latter case This raises the 
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sensation caused by the first, that is, the first sensation completely masked 
the second To the other half, apphcation of the second stimulator resulted 
m pronounced enhancement of the sensation, that is, the two summated as 
one locus Testmg the next orhit, of points one removed from a given pomt, 
none showed masking, a few agam gave summation with the first without 
discrmunation as two pomts The rest gave sensations as from two recog- 
mzably discrete pomts, but without significant summation of intensity Re- 
sults were puml ar on the back of the forearm and on the front of the thigh, 
the difference bemg chiefly m the greater distance apart of sensory pomts on 
the thigh The above results follow fi-om strong stimuh causmg defimte pam 
Stimulation of pomts still farther removed from each other were discrimi- 
nated as two pomts, with shght if any summation 

The same procedure was earned out with alternate bursts of stimulation 
from the two needles When apphed to adjacent high pomts, of course neither 
summation nor maskmg were to be expected, smee at any given moment 
only one needle was dehvermg stimuh The entenon here was a pulsatmg 
sensation, most pronounced when one needle only was apphed to one spot 
This sensation then bmlt up hy temporal summation durmg each one-second 
burst, and persisted with a decremental mtensity throughout the foUowmg 
one-second mtermission Now when the second needle was apphed to any 
one of the six adjacent high pomts of comparable sensitivity, the pulsation 
promptly ceased, and the sensation became perfectly steady, and was m- 
distmguishable from the result of apphcation of both needles to the same 
pomt This result also followed application of the second needle to some of 
the pomts once removed from the test pomt For other pomts m the second 
orbit, and for any pomt farther removed, the sensation could be felt to pul- 
sate and to alternate between two discrete pomts that could be discrimi- 
nated 

When any two pomts are stimulated alternately, and still no pulsations 
are felt, either the two pomts must be identically innervated, or theur path- 
ways must converge to give smooth temporal summation above the first 
sensorj' neurone It will appear below that this convergence is affected by the 
intensity of the stimulus In fact there appears to be a certam mcompatibihty 
between two-pomt discnmmation and spatial summation, any two pomts 
whose equal stimulation causes material summation are not recognized as 
separate points, and any two pomts recgmzed as separate do not show sig- 
nificant summation, under a given set of conditions 

The picture may be elaborated somewhat by the results of the same pro- 
cedure wath i\eaker stimulation, or with any stimulation at lower frequency, 
down to one or two shocks in one-second mter\'als The less effective the 
stimulation, the farther apart two stimulated pomts must be, to be recog- 
nized ns two separate foa As in many other sensory situations,’ visual acmty 
for instance, discnmmation is tw'o-dimensional, mvolvmg parameters both 
of spaw and of quantity of stimulation, reciprocally related Points which 
«=oom discrete with strong stimulation and show little summation, with 
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overlap gives the least sensory response of any The presence of maximal 
sensitivity at the center of the distribution on the other hand checks with 
the findings of Tower for the cornea (6) where the center of a given fiber’s 
distribution was the most sensitive region for mechamcal stimulation, as 
indicated by the maximal frequency of the smgle fiber’s response 

Pnck localization and interaction between adjacent unit areas Locahzation 
and two-pomt discnmmation are much less precise for pnck or pam than for 
touch Under electncal stimulation, a change of locus is recogmzed for touch 
as the repetitive stimulus is moved across the border between adjacent um- 
tary touch areas (2) This is not true for pnck To test the matter, several 
stimulatmg needles were connected through as many condensers and auxil- 
iary apparatus (Fig 4), m the stimulatmg apparatus previously descnbed (2), 
aU operated synchronously by the shocks from the same th3nraton stimula- 
tor A needle could then be apphed to each of several sensory spots To avoid 
comphcations of adaptation and fatigue, a circmt to ground was connected 

Fig 4 Details added to apparatus 
previously descnbed to permit simul- 
taneous stimulation of more than one 
point of the skin A and B are vacuum 
tubes dehvermg pulses and steady cur- 
rent respectively, the latter servmg to 
discharge the condensers C between 
pulses and keep the air gaps at G 
ionized for constancy of operation 
Stimulating needles at D are apphed to 
the skin, with phones F between body 
and ground A short circuit through the 
circuit-breaker E is opened penodicaUy 
by a key, one to each circuit, where- 
upon a burst of stimuh is dehvered by 
the corresponding needle The settmg 
of keys mdicated gives alternate bursts 
from two neMles 

to each of these needles, shuntmg the body, and each ground curcmt could 
be opened by means of a key on a rotating circmt-breaker, whereupon a 
burst of stimuh from the needle of that circmt was dehvered to its sensory 
spot for a predetermmed penod The most readily mterpretable results were 
obtamed by the use of two needles, with stimulation of about ten per second, 
one second on and one second off The "on” periods for the two needles 
could be made either to comcide, or to alternate 

With stimuh strong enough to summate to frank pam over one-second 
periods, repetitive bursts of repetitive stimulation mduced a pulsatmg sensa- 
tion that was easily evaluated With synchronous bursts from two needles 
placed on the most sensitive pomts of adjacent areas, the two pomts could not 
be discnmmated as separate pomts If one of the needles was now lifted off 
the skm periodically, one of two results was obtamed Each umt area is 
surrounded on the average by six contiguous areas To about half of these 
latter, the apphcation of the second stimulator mduced no change m the 
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not a novelty pecuhar to the present technique, in a tissue where its anatomi- 
cal substrate appears to be meshwork of mterwoven and overlapping 
plexuses of nerve ternunals (10, 9) This problem has been raised before, and 
recently by Tower (6, 7) who pomted out that histological techniques are 
more capable of revealmg possible complexities of distribution than they are 
of defimng the actual hunts of any one fiber field Physiologically several 
experimenters have determmed such fields m ammals (1, 6, 6) by single 
nerve fiber recordmg, without amvmg at a sensory distnbution that would 
be stnctly punctate However, neither the cornea, nor so far as known the 
areas of animal skm so far explored, are known to contain such circumscribed 
loci of high sensitivity as are exhibited m the human skm over areas most 
hable to external contact 

The findmg of a "high” pomt of extreme sensitivity, surrounded by an 
area of decreasmg sensitivity, may represent only an extreme case of the 
higher imtabdity of the central region of the fiber field of the cornea ob- 
served by Tower The overlap of fiber fields in tbe cornea might correspond 
to the multiple innervation of one sensory spot m the skm of the arm for 
which evidence was presented above, except that in this case complete super- 
position must be inferred as compared to the staggered overlap m tbe cornea, 
as a refinement perhaps for a more precise sensory locahzation 

Certain functional aspects of dolorous sensibihty certainly mvolve cen- 
tral mterpretation, but also connote specific modes of peripheral action that 
correspond For instance, different degrees of stimulation (i e , different 
rates and durations of discharge of afferent fibers) result m sensations that 
differ quahtatively as well as quantitatively In addition to the shght and 
mconsequential touch that may be detected below threshold for pnck, the 
sensations of pnck, itch and pam that can be obtamed from a given pomt 
become only the more quahtatively different as they are expenenced under 
more controlled and specific conditions Itch does not merge mto pnck, 
pnck does not become m itself painful when stimulus mtensity is raised In 
the estimate of this observer, a new and different sensation is added It is as 
if mcreased frequency of fiber response registered not only as mcreased m- 
tensity of sensation, but at certam levels, switched m a different central re- 
cordmg ^stem 

A second consideration suggestmg the same thmg is the mutual exclusion, 
with reference to two given loci, of summation of mtensity and two-pomt 
discnnunation This agam suggests a shift m central connections depending 
on quantity of peripheral excitation When such a subjective shift follows 
change m stimulus mtensity, an mcrease m number of endmgs activated 
might be the factor assigned to account for it, but when the shift follows 
change m frequency of shock stimulation alone, at constant mtensity, it 
must connote a quahtative central reaction to a quantitative penpheral 
change To attempt a more objective mterpretation of so subjective a matter 
as sensory estimates must wait upon a more objective mterpretation of the 
sensory mechanism itself than prevails at present 
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overlap gives the least sensory response of any The presence of maxunal 
sensitivity at the center of the distribution on the other hand checks with 
the findings of Tower for the cornea (6) where the center of a given fiber’s 
distribution was the most sensitive region for mechamcal stimulation, as 
mdicated by the maximal frequency of the smgle fiber’s response 

Pnck localization and interaction between adjacent unit areas Locahzation 
and two-pomt discnmmation are much less precise for prick or pam than for 
touch Under electrical stimulation, a change of locus is recognized for touch 
as the repetitive stimulus is moved across the border between adjacent um- 
tary touch areas (2) This is not true for pnck To test the matter, several 
stunulatmg needles were connected through as many condensers and auxil- 
iary apparatus (Fig 4), m the stimulating apparatus previously descnbed (2), 
all operated synchronously by the shocks from the same thyraton stimula- 
tor A needle could then be apphed to each of several sensory spots To avoid 
comphcations of adaptation and fatigue, a circmt to ground was connected 

Fig 4 Details added to apparatus 
previously described to permit simul- 
taneous stimulation of more than one 
pomt of the akin A and B are vacnium 
tubes delivering pulses and steady cur- 
rent respectively, the latter servmg to 
discharge the condensers C between 
pulses and keep the air gaps at G 
lomzed for constancy of operation 
Stimulating needles at D are apphed to 
the skin, with phones F between body 
and ground A short circnut through the 
circmt-breaker E is opened periodically 
by a key, one to each circuit, where- 
upon a burst of stimuh is dehvered by 
the corresponding needle The setting 
of keys indicated gives alternate bursts 
from two needles 

to each of these needles, shuntmg the body, and each ground circuit could 
be opened by means of a key on a rotating circuit-breaker, whereupon a 
burst of stimuh from the needle of that circmt was dehvered to its sensory 
spot for a predetennmed penod The most readily mterpretable results were 
obtamed by the use of two needles, with stimulation of about ten per second, 
one second on and one second off The "on” periods for the two needles 
could be made either to comade, or to alternate 

With s timuli strong enough to summate to frank pam over one-second 
periods, repetitive bursts of repetitive stimulation mduced a pulsatmg sensa- 
tion that was easily evaluated With synchronous bursts from two needles 
placed on the most sensitive pomts of adjacent areas, the two pomts could not 
be discnmmated as separate pomts If one of the needles was now lifted off 
the skm periodically, one of two results was obtamed Each umt area is 
surrounded on the average by six contiguous areas To about half of these 
latter, the apphcation of the second stimulator mduced no change m the 
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weaker stimuli now su mm ate as one subjective pomt of mcreased sensory 
response The more stnkmg effect follows alternate stimulation of two pomts 
In general two such pomts wiU have somewhat different sensitivities, the effect 
of which IS less noticeable with very strong stunuh With weak stunuh al- 
ternately apphed to distant pomts, the sensation may be one of alternate 
weak and strong sensations from the same pomt, which is locahzed as the 
more sensitive of the two even when discnmmation between them is imposs- 
ible When the periods of stimulation are sjmchronous rather than alternate, 
the removal and reapphcation of either needle gives a decrease and mcrease 
of sensation by summation, but referred to the more sensitive pomt With weak 
stimulation at a slow rate, still effective as mducmg definite sharp pnck, 
pomts as far apart as four or five cm , on the front of the thigh where high 
spots are seven to ten mm apart, may give summation as one pomt With 
strong and higher frequency stimulation two pomts withm fifteen mm may 
be discnmmated as separate 

Possible contributions of touch endings to localization of pricking pain Smce 
the electrical threshold for pnck endmgs is lower than that for touch endmgs 
m general, the latter do not comphcate an experiment mvolvmg threshold 
stimulation of pnck Shocks sufficient to cause pam may also arouse non- 
pamful touch, and smce touch is more closely locahzed than pam, it may be 
questioned why the results presented above are not matters of touch localiza- 
tion and discnmmation, rather than of pnck or pam 

The differentiation of touch from pnck is matenally aided by the differ- 
ent time course of sensory response to touch and pnck respectively, ongmally 
emphasized hy Von Frey (8) Touch is dead beat, and gives a momentary 
sensation to each shock, hke a hght tap Pnck or pam is defimtely persistent, 
and m fact rises gradually to its maximum after each shock A lO-per-second 
sequence of touch stimuli is not summated, while pam rises to a summated 
maximum only after five or six stunuh, and persists for the greater part of a 
second after the stimulus ceases Ten-per-second is therefore effectively con- 
tmuous stimulation for pam, and only mtemnttent stimulation for touch, 
and persistence of sensation facihtates localization or discnmmation Second, 
touch and pam high spots are generally staggered, and if the stimulus is 
dehvered precisely at the most sensitive pomt for pam, touch will generally 
not be aroused FmaUy, if touch sensations were bemg employed to locahze 
or discnmmate between pomts the results would show better discnmmation 
than is found, as can be easily demonstrated by shiftmg the positions of the 
needles to touch loci 

Discussion 

One realizes at once that the sensory "umt” as here outhned does not 
correspond precisely to any anatormcal description of nerve endmg distnbu- 
tion to which the sensory modahty of pam has been assigned It would be 
futde to discuss here whether sensory termmals have been assigned errone- 
ously, when so many other possibihties of mterpretation exist Rather one 
may ask how we can account for punctate pam distribution at all, certainly 



INTERACTION OF NEIGHBORING FIBRES 
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Laboratona of The liocJcfellcr In’ttitiitc for Medical licicarch, New Yorl , N Y 
(Rccei\cd for publication December 8, 1943) 

Introduction 

During the past few years a vast amount of literature has been accumulated 
on the problem of the effect produced by the action currents of an active 
nerve fibre upon neighbonng nerve fibres The observations that have been 
reported on the basis of experimental work may be grouped m three cate- 
gones (i) Impulses traveling m a fibre or in a group of fibres may act as 
hmmal sbmuh and set up new impulses m neighbonng fibres Into this 
group belong, among others, observations made by Henng (14), von UexkuU 
(31), Kwassow and Naumenko (20), Jasper and Mourner (15), Arvarutaki 
(2, 3), Rosenblueth (30) and Renshaw and Therman (29) (u) The passage of 
impulses along a fibre or a group of fibres may modify the electnc excitability 
of the neighboring fibres Measurements of the excitability changes have 
been made by Otam (27), Katz and Schmitt (17, 18), Blair and Erlanger (7) 
and Renshaw and Therman (29) (m) FmaUy, there are observations on the 
modification of activity attributable to the mteraction of neighboring 
fibres sjmchromzation of spontaneous rh3d;hmic finng (1), modification m 
the speed of conduction of impulses (17) 

All the observations of the first group are m satisfactory agreement, but 
considerable discrepanaes exist m those of the second group This paper 
presents the results of a senes of experiments conducted with the purpose m 
view of clanfymg some of the controversial pomts 

TECHNIQUE 

The eipeninents were performed on the sciatic nerve of the huUfrog, using the arrange- 
ment of stunulatmg and recording electrodes indicated in the diagrams accompanying 
Fig 2 to 6 A conditiomng shock approxunately two-thirds maximal a was dehvered, for 
example, to the lateral peroneal nerve, and the changes m the excitabflity of the fibers of the 
medial peroneal nerve mduced by the travehng impulses were measured m terms of the 
height of the response to a testmg submaximal shock dehvered through electrodes placed 
on the trunk of the amatic nerve or on the medial peroneal nerve itself In view of the argu- 
ment that was presented by Graham and Lorente de N6 (13) and by von Brucke, Early 
and Forbes (8), smee the observed changes m the height of the testing response were rela- 
tively small, they may be regarded as bemg proportional to the changes m exatabihty of 
the individual fibres In the experiment illustrated by Fig 2 the percentual change of ex- 
citabdity was determined by means of a calibration curve (spike height plotted acamst 
peak voltage of the testmg shock) ^ 

To prevent distortion of the action currents of the conditionmg volley of impulses 
the coil dehvermg the testmg shock was connected to the nerve m senes with a laree 
resistance However, no significant difference m the mteraction curves was found when this 


Theoretical Argument 

An raderstautog of how the flow of the action currents of a nerve fibre 
may affect neighbonng fibres can be obtamed by an extension of the argu- 
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1 A vimt of a sort for pricking pain can be isolated in the skin by an- 
aesthesia of a nerve branch, after locating by electrical stimulation all pomts 
of maximal sensitivity m the nerve’s distribution Takmg advantage of the 
scattermg overlap between adjacent nerve branches, the smallest area re- 
maimng unanaesthetized after block of one branch, but completely bounded 
by anaesthetized areas, consists of one highly sensitive pomt surrounded by 
an area decrementmg m sensitivity toward its periphery The smallest area 
anaesthetized but bounded by sensitive areas is a similar umt 

2 These umts overlap shghtly, but the margmal region of overlap is the 
region of minimal sensitivity Certam umts appear to be innervated by each 
of two nerve branches, arid more are probably multiply innervated by axons 
from the same branch 

3 If two such umts are stimulated comcidentally or by alternate bursts, 
two-pomt discmmnation between them then depends on degree of stimula- 
tion, the greater the stimulation, m terms of either strength or frequency, 
the closer together are two pomts recogmzahle as discrete Two pomts dm- 
cnmmated as such do not summate m painful sensation, and vice versa 
Some adjacent pomts mask each other, i e they neither summate m mtensity 
of sensation nor are they recognized as separate spots 

4 Itch, non-pamful pnck and pam, ehcited by appropnate patterns of 
stimulation from the same pomt, differ m quahty as well as quantitatively 

5 This quahtative shift, with quantity of stimulation, and the shift from 
summation to two-pomt discnmmation similarly mduced, pomt to a central 
quahtative mterpretation of sensory impulses dependmg only on quantita- 
tive factors mvolvmg identical peripheral mechamsms withm the smgle 
modahty of pnckmg pam 
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C and the testing nerve T first come in contact, will be called the fork The 
diagram shows that part of the polanzmg current flows through the fibres 
of Tin much the same manner as would the current from an ordmary stimu- 
latmg circuit By analogy it may be stated that in the membranes of the 
fibres of T there are "anodal” zones in which the current flows mwards, and 
"cathodal” zones m which it flows outwards It must therefore be expected 
that the excitabihty of the T fibres, when tested by an electncal stimulus, 
will appear to be enhanced m the cathodal and depressed in the anodal zones 
A sigmficant detail m diagram III of Fig 1 is the spread of the current of 
nerve Cmto the region of nerve T beyond the fork 

The argument apphes in a similar fashion to the case of the action cur- 
rents of a travehng impulse (Fig 1, JV) Smce fibre Tis a part of the external 
conductor of fibre C, a fraction of the action currents of C must cross the 
membrane of T and m so domg will produce changes m the excitabdity of 
fibre T 

In Fig 1, IV an impulse is supposed to be travehng in fibre C in the 
direction of the arrow, 1, 2 and 3 mdicate the successive phases of the mem- 
brane current of fibre C, outwards, mwards, and outwards, respectively 
i?i and Ri are the pomts at which the membrane current reverses its direc- 
tion, and Cr denotes the position of the crest of the action potential Smce m 
fibre T the membrane current flows m a direction opposite to that m C, the 
passage of the impulse along C wdl successively produce an anodal, a cath- 
odal and an anodi flow of current through the membrane of T. 

The expectation, therefore, is that during the flow of the action currents 
of C the electnc excitabihty of fibre T wdl pass through three successive 
phases depression, enhancement, and depression, respectively 

Experimental Analysis 

The standard interaction curve The argument above is m agreement with 
that used by Katz and Schmitt (17) It apphes to the case of testing elec- 
trodes at some distance from the fork 

Figure 2 presents curves of the temporal course of the mteraction ob- 
tamed m an experiment that is typical for a senes of similar experiments 
(cf Fig 5, I and 6, I) The experimental data (heights of the testmg re- 
sponses) are given upon photographs of the action currents of the condi- 
tionmg fibres These records were obtamed by connectmg the oscdlograph 
to the testmg cathode and to another electrode makin g contact with the 
nerve at a pomt 3 mm beyond the cathode The strmulatmg coil was re- 
moved from the circmt As is well known, the height of the diphasic records 
obtamed m this manner is proportional to the instantaneous value of the 
longitudmal current, that is to say the oscillographic deflection is propor- 
tional to the first denvative with respect to the length coordmate of the 
changes m the membrane potential (action potential) Smce the membrane 
current is proportional to the second derivative of the action potential with 
respect to the length coordmate, the crests of the records reproduced m Fig 2 
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INTERACTION OF NERVE FIBRES 

correspond to the reversal points Rz, Fig 1, IV) of the membrane cur- 
rent, while the instant at which the deflection changes its sign corresponds to 
the crest (Cr, Fig 1, /lO of the action potential From the records repro- 
duced m Fig 2 it IS obvious that, because the conditiomng shock was ad- 
justed to give an approximately two-thirds maximal o; response, the traveling 
spike was practically synchronous {cf 10) 

The mteraction curves do show the three phases predicted by the theory, 
but their temporal relations do not agree m a satisfactory manner with the 
records of the action currents In the first place a change m excitabihty is 
already observable when the testing shock is dehvered before the flow of the 
action current at the level of the stimulatmg cathode becomes appreciable 
Secondly, the third phase (depression) has its crest at a time when the flow 
of the action currents is very small, and this phase contmues long after the 
cessation of flow of the action currents of the conditionmg spike Thirdly, 
the reversal pomts of the mteraction curve do not comcide exactly with the 
reversal pomts of the membrane current Fourthly, no quantitative agree- 
ment can be said to exist even dunng the first two phases of the mteraction 
curve, because the change m excitabihty is not proportional to the slope of 
the diphasic records reproduced in Fig 2 Similar discrepancies between the 
flow of membrane current in the conditiomng fibres and the mteraction curve 
are found m the data of Katz and Schmitt (17) 

The discrepancies between the temporal course of the action currents m 
the conditiomng fibres and that of the excitability changes of the testmg 
fibres are significant, and they mdicate that the theoretical argument given 
above needs important elaboration But the discrepancies are certainly not 
sufficient to justify the assumption that the agents responsible for the ex- 
citabihty changes are any other than the action currents of the travehng im- 
pulses Moreover, the existence of three phases m the standard mteraction 
curve rules out the alternative explanation of the mechanism of mteraction 
that was discussed by Blair and Erlanger (7) 

Blair and Erlanger (7), when working with the testmg cathode at some 
distance from the killed end, obtamed mteraction curves consisting m the 
mam of a smgle phase of depressed excitabihty, and smce a curve of this 
type roughly parallels the decrease m the transverse resistance of the mem- 
brane durmg passage of the impulse that was observed by Cole and Curtis 
(9) m workmg with the giant axon of the sqmd, Blair and Erlanger consid- 
ered the possibflity that, when the resistance of the membrane of the active 
fibres IS decreased, these fibres become a shunt for the testmg current and 
reduce its effectiveness as a stimulus for the mactive fibres 

Katz and Schmitt (18) suggested that changes m the resistance of the 
membrane of the active fibres could not be a significant factor, because the 
shape of the mteraction curve is independent of the position of the testmg 
anode However, although the experimental fact is true {cf Fig 2), the ar- 
gument cannot be said to have general vahdity For example, imder the con- 
ditions of the experiment illustrated by Fig 2, a change m the resistance of 
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ment vised by Helmholtz, Hermann, etc {cf review by Biedermann, 4) m 
their analysis of the spread of electrotomc currents from a nerve that is 
bemg polarized to a second nerve m longitudmal contact with the first 
Figure 1 , 1 reproduces the classical diagram of the electrotomc spread of 
a polanzmg current apphed to the nerve through electrodes of neghgible 
width placed on its surface For the sake of simphfication, the nerve is sup- 
posed to contam only one fibre Theoretically the current spreads through 
the whole nerve, but smce the electrotomc membrane potential has an ap- 
proximately exponential decrement, with polanzmg currents near rheobase 

3 1 ~ ' 




Fig 1 Diagrams to explain the mechanism of the interaction of neighboring fibres 
C, conditiomng, T, tested fibres, F, fork The arrow above diagram IV indicates the direc- 
tion of travel of the conditiomng impulses Further details m text 


the spread becomes undetectable at distances 15 to 20 mm beyond the 
polanzmg electrodes 

It will be seen m the diagram that electrotomc spread results m a longi- 
tudmal flow of current m the external conductor of lie polanzed fibres The 
ohmic drops of potential thus produced can be used to polanze a second 
nerve For example, if the directly polanzed nerve C is connected with a 
second nerve by two wires (Fig 1, II, A and B), there will be found m the 
second nerve T a distnbution of currents which, except for the direction of 
flow, IS similar to that m nerve C 

The situation is identical m principle though differmg m detail if, instead 
of estabhshmg electncal contact by means of wires A and B, nerve T is 
placed m direct contact with nerve C m the manner mdicated by diagram 
III of Fig 1 For convemence the pomt F, at which the conditiomng nerve 
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fibres must always have the same direction as 
the longitudmal current m the external con- 
ductor of the C fibres Diagram V of Fig 1 
shows that at the fork an outward (cathodal) 
flow of membrane current must be estab- 
lished m fibres T as soon as the flow of action 
currents of C reaches the common trunk The 
outward flow through the membrane of T wiU 
contmue imtil the crest of the action potential 
of C reaches the fork Thereafter the current 
through the membrane of T wiU have the op- 
posite direction It is therefore clear that at 
the fork the curve of immediate mteraction 
can have only two phases, enhancement and 
depression, correspondmg to the two phases 
(ascendmg and descendmg) of the action po- 
tential of the C impulses, or the two phases 
(negative and positive) of its derivative with 
respect to the length coordmate Moreover, 
smce the flow of current spreads electroton- 
ically ahead of the fork mto nerve T, excit- 
abflity changes should also appear m this seg- 
ment of T 

Experimentation has confirmed both pre- 
dictions In Fig 3, curve I presents the ex- 
citabihty curve obtamed with the testmg 
cathode 1 mm from the fork, and curve II 
the excitabihty curve obtamed with the test- 
mg electrodes ahead of the fork, the cathode 
bemg approximately 1 mm from the latter 
As was expected, the mitial phase of depres- 
sion IS lackmg m the two curves 

A variation of the experiment is illustrated 
by curves III and IV of Fig 3 Curve III was 
obtamed with the testmg cathode 3 5 mm 
from the fork As a proof that the effect of the 
fork extends that far it will be seen that curve 
III also fails to exhibit the imtial phase of de- 
pression An artificial fork was created 8 5 
mm from the testmg cathode by placmg be- 
tween the two branches of the nerve a pledget 
of cotton soaked with Rmger’s solution The 
result was the appearance of theimtial phase 
of depression of the standard curve, because 
the apphcation of the cotton pledget modified 
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Fig 3 Interaction curves 
obtamed m the neighborhood of 
the fork P, tracmgs of records of 
the difference of potential estab- 
hshed between testmg cathode 
and anode by the conditjonmg 
volley of impulses In 11 the lower 
curve IS the recorded potential 
change 


the conditions for the flow of 




Fig 2 Standard interaction curves superunposed upon records 
of the longitudinal flow of the action currents of the conditioning 
fibres The arrangements of conditioning (c), testing (t) and record- 
ing electrodes used to obtam the interaction curves are indicated in 
the diagrams nert to records 2 and 4 Records 1 to 4 were obtained 
with recording electrodes 3 mm apart at the level of the testmg 
cathode, the amplification being shghtiy larger for records 2 snd 4 
than for records 1 and 3 Records 1 and 2 are retouched and 3 and 4 
untouched pnnta from the ongmal films 

The height of the unconditioned testmg response is given by 
the distance between the base lines at the bottom of the records and 
the horizontal lines (circles) through the records The dots give the 
heights of the conditioned responses Distances on the abscissa 
a-ns measure the mterval between the conditioning and the testing 
shocks The scale m record 1 measures the excatabflity changes m 
percentages of the resting excitabih^ 
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diagram VI of Fig 1 In the case of curves la and Ib, the conditioning shock 
was above threshold and the effect of the traveling impulses foUowed that 
which had been produced by the shock itself According to the argument 
discussed m reference to Fig 1, IV and V, the effect of the travehng impulses 
should begin with a phase of facihtation, and this effect was actually ob- 
served, superimposed on the effects of the shock itself The effect appeared 
later m the case of Fig 4, Ib, because the impulses were obhged to travel 
through a longer segment of nerve from the conditiomng cathode to the 
fork The reason why the excitabihty changes also were observed when the 
conditiomng shock was preceded by the testing one (Curves I to III) is 



Fig 4 I and JI, interaction curves obtained with an electrode at the fork which was 
common to the conditioning and the testing circuits la, Ila, conditiomng shock cathodal, 
Ib, Ilb, conditioning shock anodal la, Ib, conditioning shock submaxunal, Ila, Ilb, con- 
dibonmg diock subhminaL Curves III and IV illustrate the effect of displacing the con- 
ditiomng electrodes away from the fork (conditionmg shock submaxunal) Ilia and IVa, 
conditiomng shock cathodal, Illb and IVb, conditioning shock anodaL 


essentially the same reason that will be given m the next section to explain 
the early start of the standard mterachon curve 

The pecuhar situation at the fork illustrated by diagram VI of Fig 1 
of course disappears when the conditiomng electrode is moved away from 
the fork Then the current of the stimulating shock, while spreading dectro- 
tomcally along the C fibres, produces in fibres T a flow of membrane current 
m the same manner as that produced by travehng impulses (Fig 1, V) For 
this reason m Fig 4, Ilia and Illb, the cathodal conditioning shock en- 
hanced (Ilia) and the anodal depressed (Illb) the excitabihty of the tested 
nerve fibres When the conditiomng electrodes were moved farther away 
from the fork, the spread of the current of the conditioning shock to the fork 
was too small to produce any noticeable change of excitability, and conse- 
quently the tests demonstrated only the effect which is referable to the action 
currents of the travehng impulses (Fig 4, IVa and IVb) 
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the membrane of the active fibres at the level of the testmg anode cannot 
have any measurable influence upon the flow of the testmg current at the 
level of the cathode, because the testmg electrodes were 10 mm apart and 
the secondary cod, which was shunted by a 10,000 ohms resistance, was con- 
nected to the nerve m senes with a 500,000 ohms resistance Under condi- 
tions such as these it follows from the theory of the core conductor* that the 
flow of current through the cathodal segment of the nerve is mdependent of 
happemngs at the anode 

Without attempting to explam in detail why the mteraction curves of 
Blair and Erlanger deviate from the standard curve,** it may be said that 
the resistance-change h 3 rpothesis cannot explam the existence of three phases 
m the curve, nor can it meet a senous theoretical objection, namely that 
smce the decrease m the transverse resistance of the membrane is accom- 
pamed by a change m the E M F , the apparent resistance that the nerve 
fibre offers to the passage of an externally apphed cathodal current does not 
necessarily need to decrease when the impulse, that is to say, the wave of 
depolarization, reaches the cathode Actually it must mcrease, because (i) 
accordmg to unpublished observations made by Lorente de No, m frog nerve 
the decrease of the transverse resistance of the membrane durmg passage of 
the impulse amounts to only a few per cent of its restmg value, and (u) 
the density of the hmmal cathodal current is so small that it produces across 
the membrane a potential difference which is of the order of magmtude of the 
restmg E M F Thus for the mterpretation of the mteraction curve the sig- 
nificant factor 18 the change m the E M F of the membrane, or rather the 
flow of action currents that it causes 


Elaboration of the Theoretical Argument 

The interaction curve at the level of the fork Before elaboratmg the theoreti- 
cal argument to account for the details of the interaction curves, it will be 
convement to consider the curve that is obtamed when the testmg cathode is 
placed m the neighborhood of the fork 

Diagram V of Fig 1 mdicates that when impulses are traveling along the 
C fibres, a smgular situation appears m the neighborhood of the fork It cannot 
be expected that m this segment of the tested fibres the flow of membrane 
current will at all times agree with the direction of flow through the mem- 
brane of the C fibres, because at the fork the membrane current of the T 

* A comprehensive discussion of the theory of the core conductor is given by one of us 
(R Lorente de N6) and L Davis, Jr , m a forthcommg monograph 

*• The experimental conditions used by Blair and Erlanger are rather complex In 
our experience, curves of the type described by Blair and Erlanger are obtamed when the 
conditionmg volley of impulses, mstead of being a fairly s 3 mchronous two-thirds a spike, 
18 a maximal spike with considerable dispersion after long conduction Another condition 
that results m distorted interaction curves is the superposition of the effects of (i) the shock 
tnitiatmg the conditionmg volley and (u) the action currents of the conditionmg impulses 
themselves (c/ Fig 1, VI, and 4) 
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plots indicates that the conditioning and the testing shocks were dehvered 
amultaneously Record P of Fig 5 gives the time of amval of the teave^g 
impulses when the conditioning shock was dehvered at zero time The inter- 
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Pig 6 Modifications of the standard interaction curve resulting 
from a change in the testing stunulus For curve I the testing stimulus 
ivas an induction shock, for curve II a rectangular pulse of current, 
and for curves III and IV ejcponential pulses P, difference of po- 
tential established by the volley of conditioning impulses between the 
testing cathode and the testmg anode S, records of the electrotomc 
potentials at the testmg cathode established by subliminal pulses of 
current of the same shape as the submaxnnal pulses that were used 
as testing stimuh to obtain curves II, III and TV The arrows indi- 
cate the end of the utilization period of the submaiojnal pulses 

vals of time between shocks are regarded as positive and plotted to the right 
of the zero point when the conditioning shock (shock to the C branch) was 
delivered first, but they are regarded as negative and plotted to the left of 
the zero pomt when the "testing” shock (shock to the common trunk) pre- 
ceded the conditioning” one The utihzation times of the pulses of current 
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action currents and was eqmvalent to a displacement of the testmg cathode 
along the nerve trunk, away from the fork 

Up to this moment, m developmg the theoretical argument, the nerve as 
a whole has been regarded as a hnear conductor, that is to say one m which 
longitudmal currents have uniform density throughout the cross section of 
the nerve However, m a strict sense, nerve is not a hnear conductor, because 
it IS a cylinder havmg a fimte radius, which is suddenly mcreased at the 
fork 

In a quahtative analysis of the electrotomc spread of current along the 
nerve fibres or of the spread of the action currents of one fibre mto neigh- 
bormg fibers, it is hardly necessary to take mto accovmt that nerve is not a 
hnear conductor, because the electrotomc spread is due to the core-conductor 
properties of the mdividual fibres, and smce these properbes are m the mam 
referable to the existence of the nerve membrane, they do not undergo any 
quahtabve change with variations m the cross secbon of the external con- 
ductor But m the case of an externally apphed current, the fact that m a 
stnct sense nerve is not a hnear conductor may, under given condibons, play 
an important role 

Diagram VI oi Fig 1 illustrates the spread mto the nerve tnmk of the 
current dehvered by an external cucmt c, with the cathode at the fork 
itself This spread, be it emphasized, is the spread of current m a volume 
(cyhndncal) conductor It is not electrotomc spread In the immediate 
neighborhood of the fork the current, while spreadmg mto the nerve trunk, 
crosses the membrane of fibres T mwards, and therefore creates m them an 
anodal zone m which the exatabihty is decreased Thus, the remarkable 
situabon arises that the dehvery of a condibonmg cathodal shock through 
cucmt c must decrease the excitabihty of fibres T, and consequently produce 
a decrease m the height of the response to testmg shocks dehvered through 
cucmt t The diagram adso mdicates that the difference of potenbal created 
across the membrane of fibres T by the apphed current causes an electrotomc 
flow of current m fibres T ahead of the fork Needless to say, diagram VI 
of Fig 1 IS only quahtabve, and m depicbng the electrotomc spread along 
fibres T ahead of the fork, the diagram is mtended merely to explam the 
fact that with electrodes on nerve T ahead of the fork there is recorded 
through c a condibonmg shock with a polarity opposite to that obtamed with 
electrodes placed on the nerve trunk 

In addibon to this fact, the experiment illustrated by the curves m Fig 
4 IS proof that diagram VI of Fig 1 is correct m its essenbal feabues Curves 
I and II (Fig 4) were obtamed with the condibonmg and the testmg cucmts 
havmg a common electrode at the fork This electrode m all cases was the 
cathode of the testmg cucmt, but it was the cathode of the condibonmg 
cucmt for curves la and Ila, and the anode for curves Ib and Ilb The con- 
dibomng shock was subhmmal for curves Ila and lib Its effect on the 
tested fibres, i e depression of excitabihty when the shock was cathodal and 
enhancement when it was anodal, is m agreement with the predicfaons of 
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are indicated with fair approximation by the arrows on the records labeled 
S of Fig 5 (cf too, Fig 6, S) 

In view of these data it is clear that during phase a of curves II to IV 
the end of the utihzation penod of the testmg pulse coincided with the first 
phase of the outward membrane current in the conditioning fibres (Fig 1, 
IV, 1) The depression, therefore, is readily explamable m terms of the super- 
position of the effect of an anodal current on the effect of the testing stimu- 
lus Similarly it is found that phase b has its crest approximately when the 
crest of the action potential of the conditiomng fibres (Fig 1, IV, Cr) co- 
incides with the end of the utihzation penod of the testing pulse of current 
In the absence of a satisfactory theory of electnc stimulation of nerve it is 
impossible to explam why the time integral of the effect of two successive 
phases of conditiomng currents actmg durmg the utihzation penod of the 
testmg stimulus was zero, and we must hmit ourselves here to a statement 
of the expenmen tal fact Fmally, the c phase of curves II to IV corresponds 
to the dehvery of the testmg pulse at such times when its utilization penod 
ended durmg or after the third phase of the action currents of the condi- 
tionmg impulses The c phase is, therefore, analogous to phase di of the stand- 
ard curve Like this, it long outlasts the detectable flow of the action currents 
(see later, residual mteraction) 

Another aspect of the role played by the utilization penod of the testmg 
current m determmmg the shape of the mteraction curve is illustrated by the 
experiment presented m Fig 6 Curves I and II were obtamed under the 
same conditions as curves I and II of Fig 5 and do not contam any new fact 
The mterest now hes m curves III to V, which were obtamed after creatmg 
a killed end 4 mm beyond the testmg cathode 

The action potential of the conditiomng impulses recorded by pittmg 
the testmg cathode against the killed end is reproduced m Fig 6, III, P 
If it IS taken mto accoimt that the record was obtained 4 mm from the kdled 
end of the nerve and that therefore the impulses could scarcely have been 
conducted past the recordmg electrode, it becomes clear that the duration 
of the negative phase of the record corresponds approximately to the dura- 
tion of the depolarization of the membrane at those points m the immediate 
proximity of the killed end which still showed the effect of the propagated 
disturbance (nerve impulse) As long as the membrane of the active fibres 
was depolarized, the demarcation current of these fibres was decreased, 
while that of the mactive fibres was mcreased (14) Consequently the dura- 
tion of the negative phase of record P m Fig 6, III, is approximately equal 
to the duration of the subhmmal stimulus to the T fibres which resulted 
from the activity of the C fibres Smce this duration was of the order of mag- 
mtude of the utilization period of the testmg pulse of current, the mteraction 
curve (Fig 6, IV, V) ejdvbited an actual phase of facihtation 

Often when the experiment is performed on the nerves of hibematmg 
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Effect on the temporal course of the testing stimulus on the interaction curve 
The results reported m the preceding section leave no doubt that the inter- 
action between neighboring fibres is referable to the effect of the flow of the 
action currents of the active fibres, because the temporal course of the mter- 
action has proved to be dependent upon those geometrical conditions of the 
preparation that determine the manner m which the currents flow through 
the mactive fibres Hence an attempt will now be made to elaborate the 
theoretical argument to account for details in the temporal course of the 
mteraction The first fact to be considered is that the imtiation of impulses 
m the C fibres by the testmg stimulus is not an mstantaneous event 

Observations made by Blair and Erlanger (6) revealed that brief shocks 
of near-threshold strength mitiate impulses after a shock-spike time, which 
under the conditions of the present experiments may be as long as 0 4 msec 
As wiU be noted m Fig 2, this mterval of time is about equal to the mterval 
by which the start of the mteraction curve precedes the "foot” of the re- 
corded action potential Thus the fact that a depression of excitabdity is 
demonstable before the action currents begm to flow has a simple explana- 
tion The excitatory process created by the testmg shock is prevented from 
reachmg threshold by the action currents of the active fibres that become 
operative before the end of the shock-spike time This phenomenon, it seems, 
IS entirely comparable to that observed m the experiments made by Blair and 
Erlanger (6), m which impulses were prevented from startmg by the dehvery 
of an anodal shock near the end of the shock-spike time of a precedmg ca- 
thodal shock 

The existence of a shock-spike time contributes to the explanation of the 
findmg that the reversal pomts of the standard mteraction curve do not 
exactly comcide with the reversal pomts of the membrane current m the 
conditionmg fibres 

When the testmg stimulus sets up impulses after a long latency, the mter- 
action curve undergoes important changes For mstance, m the experiment 
shown m Fig, 5, the shape of the stimulatmg shock was the only variable 
For curve I the stimulus was an ordmary mduction shock, while for curves 
II to IV the stimuh consisted of long pulses of current In the case of curve 
II, as shown by the accompanymg tracmg of an oscillograph record, the 
pulse of the current was rectangular, but m the case of curves II and III 
the rate of rise m the current was decreased by mtroducmg a smtable con- 
denser mto the curcmt 

The curve obtamed with mduction shocks (Fig 6 , I) presents the ordi- 
nary three phases {di, f, di) of the standard curve But at first glance curves 
II to IV seem to bear no relation to the flow of the action currents of the 
travehng impulses Nevertheless, upon careful analysis it will be discovered 
that they are distorted versions of the standard curve displaced toward and 
mto the region of negative tunes, and although a phase of facflitation seems 
to be missmg, the curves exhibit phases (o, b, c) that do correspond to the 
three phases (di, /, df) m the standard curve I 

The analysis demands some care but it is not difficult Zero tune m the 
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tial, IS the electric sign of the excitabihty changes induced in the nerve fibre 
by subliminal currents, an mcrease of electric excitabihty corre^ondmg to 
a negative slow electrotonus and a decrease to a positive slow electrotonus 
Under conditions such as these it was to be expected that the excitabihty 
changes which are observed m mteraction expenments after the flow of the 



Fig 7 Changes m the membrane potential of the tested fibres mduced by impnlses 
travelmg along the conditiomng fibres Stimulatmg electrodes on the medial, recording 
on the lateral peroneal nerve (cf Fig 2, IF) The distances mdicated on the records are 
distances of the first recordmg electrode from the fork, i e , they are the distances through 
which the potential changes had been electrotomcally transmitted from the trunk of the 
nerve, where the changes had been produced, to the pomt at which they were recorded 
The amplification was mcreased as the distance was mcreased, but the d^erent amplifica- 
tions were not noted 


conditioning action currents has subsided (residual mteraction), would be 
accompanied by the existence across the membrane of a slow electrotoruc 
potential produced by the precedmg flow of action currents Expenments 
hke that illustrated by the records m Fig 7 prove that the expectation was 
correct 
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Fig 6 Modifications of the interaction curve resulting from the 
proximity of the testing cathode to the killed end of the nerve 
Curves III and TV were obtamed immediately after creating the 
lolled end, V, half an hour later Induction shocks were used for 
curves I and III, rectangular pulses of current for curves II, TV and 
V Tracmg P upon curve T was made from a record of the difference 
of potential established between testmg anode and cathode during 
the passage of the conditionmg volley of impulses Tracmg P upon 
curve III was made from a record of the difference of potential es- 
tablished by the conditioning volley between the testing cathode and 
the killed end 
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interaction it may be postulated that in the central nervous system the 
action currents of active elements will produce an effect upon neighbonng 
elements, through which they flow, in exactly the same manner as if the 
current had been produced by an external circuit or by potential gradients 
m the tissue, such as those recently descnbed by Libet and Gerard (21) But 
the problem of ascertairung the effect of the activity of a given set of ele- 
ments (nerve fibres or somas of neurons) upon neighbonng elements must be 
analyzed m each mdividual mstance, takmg into account the anatomical 
relationship of active and mactive elements, as well as the temporal course of 
the mteractmg stimuh It may be expected that under certain conditions 
mteraction mediated by the flow of action currents will result m mcreasmg 
the effectiveness of a given stimulus (facflitation), while under other condi- 
tions the mteraction may result in decreasmg the effectiveness of the stimu- 
lus (inhibition) 

In this connection it is of mterest to note that the mteraction of neigh- 
boring elements may be the explanation of the early inhibition of spmal 
motoneurons recently descnbed by Renshaw (28) and Lloyd (22), because 
the superposition of the action currents of neighboring synaptic endmgs or 
of somas and S 3 maptic endmgs, may result m a reduction of the effectiveness 
of the testmg 63 maptic stimiffus (inhibition) m a manner similar to that ob- 
served durmg the first phase (depression) of the standard mteraction curve 

(Fig 2) 

If this assumption were correct, there would still be no need of postulat- 
mg for the central nervous system the existence of elementary mechanisms 
not known to exist m penpheral nerve (cf 11, 12, 23, 26) 

Insufficiency of the theoretical argument In the discussion of the mterac- 
tion curve at the level of the fork, emphasis has been placed upon the fact 
that the theoretical argument underlymg the discussion is a purely quahta- 
tive one This fact cannot be overemphasized 

The effect of the action currents of fibres C upon the tested fibres T has 
been evaluated by assummg that the flow of the action currents of C is m- 
dependent of the presence of T, while m fact the flow of the action currents 
of a fibre depends upon the constitution of its external conductor It is pre- 
cisely for this reason that the mteraction of neighbonng fibres results m a 
change m the speed of conduction of impulses (17) However, a theoretical 
analysis of the mteraction based upon a mathematical study of the flow of 
action currents would be an exceedmgly difficult task A valuable recent 
presentation by Wemberg (32) of the theory of the steady state m the cyhn- 
dncal core conductor gives the reader a clear concept of the mathematical 
difficulties that are encountered m an analysis of the distnbution of currents 
m nerve, when the usual hnear conductor approximation is abandoned In 
regard to the mteraction problem itself. Lord Kelvm’s (19) treatment of an 
analogous problem of the theory of the submarme cable illustrates the com- 
pl^ty of the situation To mcrease the difficulties there is the fact that a 
satisfactory theory of the electric stimulation of nerve is not available 
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frogs, the arrival of a C volley at a freshly killed end results in the initiation 
of impulses in the T fibres (Henng’s phenomenon, of hterature m the Intro- 
duction) An important detail to be observed m curves III to V of Fig 6 is 
that the mteraction curve did not fail to exhibit its third phase (depression) 
after the production of the killed end 

Residuae Interaction 

It will be observed m aU the mteraction curves of Fig 2 to 6 that the 
third phase of the excitabdity change long outlasts the detectable flow of 
the action currents The curves m Fig 2 to 6, however, do not extend 
throughout the whole period of residu^ changes of excitabihty In agree- 
ment with the results obtained by Otani (27), it has been found m the 
present research that the phase of depression may last for as long as 20 
to 30 msec or even longer, and that it may be followed by a fourth phase 
of facihtation which occasionally has been observed to last for mtervals 
of time up to one second The changes m excitabihty are small and caimot be 
measured with accuracy either durmg the late part of the phase of depression 
or the foUowmg phase of facihtation, but the observations that have been 
made conclusively prove their existence 

Smce the residual change of excitabihty is observed while no action cur- 
rent flows through the conditiomng fibres, it must be explained m terms of 
changes produced in the testmg fibres by the previous flow durmg the early 
phases of the mteraction 

Arvamtaki (3) reports that when the conditiomng action currents are su- 
hmmal for the tested fibre, they mduce m the latter a change smular to that 
mduced by a subhmmal electric shock which is dehvered through an ex- 
ternal circmt An analogous phenomenon should be expected to occur and 
m fact, as will presently be shown, it does occur m frog nerve Unfortunately, 
a detailed comparison of Arvamtaki’s observations with the results reported 
m this paper is not possible, because a correspondence between the so-called 
subhmmal or unconducted response of mvertebrate nerve and subhmmal 
processes m vertebrate nerve has not as yet been established m a satisfactory 
manner (cf 6, 16) 

Observations made by Lorente de No and Davis (25) have revealed that 
the electrotomc potential of frog nerve, that is to say the mcrement of the 
membrane potential which is produced by an externally apphed current, has 
two components, which, m view of the different rates of their establishment 
and decay, may be called the “fast” and the “slow” electrotomc potential, 
or simply “electrotonus ” The two components of the electrotonus are pro- 
duced by cathodal as well as by anodi currents, and as weU by currents 
above or near the rheobase as by currents below the rheobase, m fact, the 
two components are produced by any current, however s mall . Without enter- 
mg mto details* it may m general be said that the slow component of the 
electrotonuB, which as a rule is only a fraction of the total electrotomc poten- 

♦ This problem is discussed in detail by Lorente de Nd and Davis in their forthcoming 
monograph 
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Records obtained with the electrodes placed on the trunk of the sciatic 
nerve do not yield uiformation which is sufficient to decide whether the re- 
corded potentials eure referable to the conditioning or to the tested fibres 
But no doubt can arise when the records are obtained from the tested fibres 
alone, as is the case when the recordmg electrodes are placed on the branch of 
tested fibres ahead of the fork (cf diagram m Fig 3, 11) In the experiment 
shown m Fig 7 the second recordmg electrode was mamtamed on the killed 
end, while the first recordmg electrode was placed at the distance from the 
fork (2, 4, 6 and 8 mm ) mdicated on the records These records therefore 
measure changes m the membrane potential of the tested fibres, which had 
been electrotomcaUy transmitted through segments of nerve of various 
lengths 

The records m the first column (Fig 7) obtamed at a relatively high 
sweep speed followmg a sharp deflection, which mainly is an instrumental 
(capacitative) shock artefact, present a spike-hke potential followed by a 
longer-lastmg positive phase that corresponds to the phase of depression m 
the mteraction curve {cf Fig 3, II) The positive phase is more readily 
seen when the conditionmg fibres are made to conduct a tram of impulses 
(cf the imddle column of records m Fig 7) Whether ehcited by a smgle con- 
ditionmg voUey or by a tram of volleys, the positive potential ultimately is 
followed by a negative potential that corresponds to the late phase of m- 
creased exatabfiity With smgle volleys the amphtude of the late negative 
phase of the electrotomc potential is so small that the deflection may easily 
pass vmnoticed, but with tetamc conditionmg the late negative phase is a 
promment feature of the records (cf last column of records m Fig 7), a re- 
markable detail bemg that the change m the sign of the electrotomc potential 
takes place while the conditionmg tetanus is still gomg on 

No attempt will be made here to analyze m detail the records of Fig 7 
Only the fact will be mentioned that the spike-hke potentials observed dur- 
mg the immediate mteraction are transmitted along the nerve with greater 
electrotomc decrement than the slower potential changes that accompany 
the residual mteraction (for an analogous situation cf 24) 

Comment 

One of the reasons justifymg a systematic mvestigation of the mteraction 
of neighbormg fibres m peripheral excised nerve is that similar phenomena 
must be expected to play a role m the central nervous system As a matter of 
fact, the observations made by Renshaw and Therman (29) demonstrated 
the existence m the spmal cord of mteraction similar to that takmg place m 
peripheral nerve 

However, observations made on excised peripheral nerve cannot be used 
directly to mterpret happemngs m the central nervous system, because the 
geometrical conditions that determme the flow of the actions currents, as 
well as the temporal course of the testmg stimuh, are different m the two 
instances On the basis of the information which is available on peripheral 
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Introduction 

The extensive work of Cajal (8), Huber (6) and Young (11) has advanced 
our understanding of the processes of nerve regeneration significantly and 
these authors have provided an adequate review of the field The experiments 
which are reported here add new data through a study of the electrical 
properties of regeneratmg fibers in the tibial, peroneal, and saphenous nerves 
of the cat and permit correlations between these electrophysiological data 
and histological information obtamed from the same nerves 

It IS now well established that regeneratmg nerve fibers begm as small 
outgrowths which gradually increase m diameter (4). Therefore, it might be 
expected that the outgrowths of the regeneratmg fibers conduct impulses 
slowly at first and then at mcreasmgly higher velocities as the tune of regen- 
eration continues This expectation is based on the fact that the conduction 
veloaty of mammahan nerve fibers is directly proportional to the diameter 
as shown by Hursh (7) and Gasser and Grundfest (1) Our data confirm this 
expectation and describe the rate at which the conduction velocity mcreases 
on its return toward normal Also, smee both the velocities and the diameters 
of the regeneratmg fibers were measured, the hnear relationship between 
them has been confirmed under new experimental conditions 

Combmed electrical and histological analyses of the regeneratmg nerves 
was the mam objective of these experiments, but other less detailed informa- 
tion on the functional repair of nerves was also gathered by observation and 
stimulation of the amm^ used in the course of the experiments 


METHODS 


A senes of 58 cats were operated upon with aseptic precautions under nembutal 
anaesthesia In aU of this senes, the nght sciatic or its tibial and peroneal branches were 
divided with a scalpel and sutured immediately Two epineural sutures of fine black silk 
thread were placed in the sciatic nerve or its branches The levels of the sutures were vaned 
on the sciatic between the notch and up to 2 cm distal to the division mto the peroneal and 
tibial branches, and frequently, the peroneal and tibial were sutured separately In 36 of 
the animals, the nght saphenous nerve was similarly treated The saphenous nerves also 
nere sutured at various levels between them ongin from the femoral and the level of the 
knee One or two sutures which frequently included part of the substance of the nerve 
were plared m ^e saphenous During the course of regeneration, observations were made 
on the abihty of the animals to walk with the use of the gastrocnemius and toes Responses 
to touch, pm pnek, pinching and the placing reacbon were also observed 


w * was done under a contract, recommended by the Committee on Medical 

Sli?g?“ Development and the Cornell 
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Under conditions such as these the theoretical treatment of the mterac- 
tion problem can scarcely go beyond a quahtative analysis of the type that 
has been employed m this paper 


Summary 

A systematic analysis has been earned out of the changes occurrmg m the 
excitabihty of nerve fibres, mduced by impulses travehng m neighbormg 
nerve fibres The experimental results have been expressed in the form of 
mteraction curves (Fig 2 to 6) 

Flow of the action currents of the active fibres through the membrane of 
the mactive ones is the mechanism underlymg the mteraction 

Two parts may be differentiated m the mteraction curve, because besides 
an immediate mteraction, there is a residual mteraction which outlasts the 
fiow of the action currents The residual change m excitabihty has an elec- 
tric sign that consists of a change m the membrane potential (Fig 7) 

The shape of the mteraction curve depends upon the geometneal condi- 
tions determmmg the flow of the action currents through the mactive fibres 
and upon the temporal course of the teatmg stimulus 
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WTien the nerves had regenerated for a desired inters aJ, up to 466 days, the cats were 
decerebrated and used in terminal eicpenments The sutured ner\'es were exposed and 
stimulated m situ wath 60 cycle stimuli of variable intensity to observe sensory effects such 
as increased respiration and reflexes on stimulating afferent nerve fibers and direct motor 
effects from the stimulation of efferent fibers The exposed nerves vrere then excised and 
used for the electrical and histological studies 

The excised nerv'es were placed in a moist chamber which was kept at 38 °C and 
was large enough to accommodate 15 cm of nerve length The electrodes were adjusted 
from outside the chamber without changing the environment of the nerv'es The activity 
of the nerves in response to electrical stimulation vvas recorded osciUographically with the 
methods which are standard in the Laboratones of the Rockefeller Institute After the 
electrical information had been secured, portions of the nerves were fixed in chloral hydrate 
solution and stamed with protargol, other portions were fixed m osmic acid 


Results 

Electrical responses of regenerating fibers distal to the suture The earhest 
electncal signs of the activity of the regenerating fibers were detected m 
the peripheral stump of a tibial nerve 17 days after the division and suture 
of that nerve The action potential was very small and was conducted at 
0 9 mps , a velocity similar to that of C fibers m normal nerve A similar 
potential from the peroneal nerve of a cat 36 days after operation is dlus* 
trated m Fig la This small spike was less than 10 nW m magmtude and 
was conducted at a maximum velocity of 0 8 mps between electrodes which 
were placed at 1 5 and 3 cm distal to the suture The regeneratmg fibers of 
the tibial nerve of this same animal showed more recovery with a conduction 
veloaty of about 18 mps with greater spike height (Fig lb) In this experi- 
ment, the electrodes were placed 1 5 and 3 cm from the suture, but the 
velocity was withm the same range {i e 14 mps ) when the electrodes were 
moved 2 cm more distaUy 

The spikes became larger m nerves which had regenerated longer and 
showed a greater maximum conduction velocity The spike from the 
peripheral stump of a tibial nerve 106 days after operation (Fig Ic) was con- 
ducted at 45 mps and was divided mto two conspicuous components, a large 
potential from a group of rapidly conductmg fibers followed by a smaller, 
longer lasting potential from more slowly conductmg fibers A much later 
potential withm the range of C fibers was always present m these nerves, but 
IS not shown with the rapid sweep speeds used m Fig Ic or Id Figure Id 
was taken from the peroneal nerve of a cat 466 days after operation in which 
the spike was large and conducted at a veloaty of 75 mps 

Thresholds for electrical stimulation of regenerating fibers The strengths of 
electncal stimuh required to ehat activity of the nerve depended upon the 
placement of the stimulatmg electrodes When the response was imtiated by 
stimulating the mtact fibers pro x imal to the suture, weak stimuh withm the 
general range which is normal for large A fibers were sufiiaent On the other 
hand, relatively strong stimuh sufficient to exate normal C fibers had to be 
apphed to the fibers which were growmg mto the penpheral stump m order 
to produce activity As the tune of regeneration mcreased, the stimulus 
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distances are plotted in the graph of Fig 2 The slope of the hne connectmg 

the points is equivalent to the conduction velocity of the most rapidly 
conductmg fibers, this statement rests on the assumption that the records 
represent the same fibers at each pomt The possibihty that the fiber com- 
position which produced the potential remains constant is hkely with tins 
electrode arrangement smce only those regenerated fibers which reached the 
distal, stimulatmg electrodes without being lost m side branches or m other 
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Fig 3 The conduction velocities of regenerating fibers central and 
distal to the suture fiom a tibial nerve at 90 post-operative days The 
stimulating electrodes (central) were stationary while the recording 
electrodes (arrows) were moved Conduction velocities are 110 mps 
centrally and 34 mps distally 

obstructions are stimulated, and aU of the fibers of this cahber must onginate 
from the proiomal stump The contmmty of the Ime also mdicates that the 
same fibers were mvolved throughout th^ senes of measurements 

The abrupt change m the conduction velocity at the suture (Fig 2) is 
stnkmg The velocities at shorter conduction distances represent conduction 
entirely withm the regeneratmg fibers of the penpheral stump, and m the 
expemnent illustrated (saphenous nerve at 58 post-operative days), the slope 
m this part of the graph shows a velocity of 23 mps The portion of the curve 
plotted at longer conduction distances represents conduction contmued prox- 
imal to the suture, and here the conduction velocity jumps suddenly to 50 
mps These data show clearly that the more slowly conductmg fibers of the 
distal stump must have been outgrowths of faster fibers from the proximal 
stump However, it is mterestmg to note that m this experiment, the central 
conduction velocity of 50 mps is considerably slower than that of normal 
saphenous nerve and slower than the most rapid fibers which are present m 
this central portion of the regeneratmg nerve In several other experiments of 
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Fig 1 Action potentials recorded from the peripheral stumps of regeneratmg nerve 
fibers The diagram adjacent to each record explains the arrangement of the recordmg and 
stimulatmg electrodes a and 6 are from the peroneal and tabial nerves of the same cat 36 
days after suture c is from the tibial nerve at 106 days, and d is from the peroneal nerve 
of a cat at 466 post-operative days The amplification was progressively reduced from a 
through d 
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tant in connection with the "safety factor” of the nerve impulse (5, 10) 
when more information is available concerning the nature and magnitudes of 
the bioelectric potentials produced by nerve fibers A condition similar to the 
one here described probably also exists normally in the central nervous sys- 
tem, where large fibers terminate m the fine fibers of the neuropde 
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Fig 4au Graph of the relationship of the maximum conduction veloafj of fibers m 
the penpheral stumps of the tibial (crosses) and peroneal (circles) nen es to the time of 
regeneration following suture Each velocity plotted was determined from a different nerve 
by the graphic methods of Fig 2 and 3 

Change in the maximum conduction velocity with regeneration time The 
conduction velocities of the most rapidly conductmg fibers which were pres- 
ent in the regeneratmg penpheral stumps of the tibial, peroneal and saphen- 
ous nerves mcreased with the tune of regeneration as was mdicated by the 
relatively crude data discussed with Fig 1 With the use of senes of records 
from each nerve and with the more accurate graphic method of determining 
velocity, the conduction velocities were detemnned for the entire senes of 
nerves Each pomt on the graph on Fig 4a represents data from a different 
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strengths which were required to excite the penpheral stump steadily de- 
creased These facts indicate that the electrical properties of the regeneratmg 
fibers of the penpheral stump were different from those of their "parent 
fibers” in the proximal stump, and that the transition took place m the region 
of the suture 

The thresholds descnbed above were obtamed with smgle shocks of very 
brief duration, but on a few nerves, altematmg currents of 60 cycles per 



Fig 2 The manmum conduction velocities of regenerating fibers 
distal and central to the suture obtained by plotting the conduction 
distance against the conduction tune of the action potential The stunu- 
lating electrodes were stationary while the recording electrodes (arrows) 
were moved Velocities are 23 mps in the distal stump and 60 mps m 
the central stump Saphenous nerve at 68 post-operative days 

second and repetitive shocks of short duration also produced repetitive re- 
sponses No detailed analysis of refractory periods was attempted 

The coTiduction velocity of regenerating fibers Of the various properties of 
nerve which can be determmed electrically, the conduction velocity is per- 
haps the best suited for quantitative study The velocities were determmed 
along the lengths of the nerves and across the suture hues of the regeneratmg 
saphenous, tibial, and peroneal nerve Distmct differences were found m the 
conduction velocities of the proximal and distal portions with respect to the 
suture 

The method of detenmnation of the maximum velocities of conduction 
consisted of analysmg a senes of action potential records taken at several 
conduction distances along a nerve Although many of the possible electrode 
arrangements were used m these experiments, two of the most useful are 
illustrated m Fig 2 and 3 In the first arrangement (Fig 2), the electrodes 
were moved stepwise to provide greater and greater conduction distances 
In the experiment of Fig 2, the stmmlatmg electrodes were kept at a pomt 
4 6 cm distal to the suture while the pair of recordmg electrodes were moved 
to a vanety of pomts both distal and proximal to the suture The conduction 
times of the most rapidly conducted spikes at each of the various conduction 



Fiber diameter-//- 


REGENERATING NERVES IN THE CAT 


111 



0 50 100 150 200 250 300 350 400 450 500 

Regeneration time - days 


Fig 5a Graph of the outside diameters of the largest fibers of the distal stumps of the 
regeneratmg tabial (crosses) and peroneal (circles) nerves plotted against the time followmg 
suture 


Fig 6b Same as 
Fig 5a, but for the 
saphenous nerve 
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this type, the conduction of the regenerating fibers central to the suture was 
relatively low Examples of this were found with the saphenous, peroneal 
and tibial nerves without defimte relationship to the time of regeneration 
In most instances, however, the central conduction velocity was in the range 
of the maximum normal values From these results, it seems that the most 


rapidly conductmg fibers of the peripheral stump are not necessarily out- 
growths from the most rapidly conductmg fibers of the proximal stump 

In the second electrode arrangement which is essentially the reverse of 
that shown m Fig 2, the proximal pair of electrodes were held stationary 
while the distal pair were moved to various conduction distances In the 


graph of Fig 3 from the tibial nerve of cat at 90 post-operative days, the 


measurements of conduction times at the shorter conduction distances 


represent conduction exclusively withm the proximal stump At the longer 
distances, the fibers are followed mto the peripheral stump The velocity 
of the central conduction obtamed from the slope of the graph of Fig 3 is 
110 mps , a figure withm the normal range of A fibers m the tibial nerve 
However, m this experiment, there was no assurance that the fibers which 


conducted at this rapid rate were exactly the same fibers as those whose re- 
sponse was recorded from m the penpheral stump The discontmmty of the 
curve m the region of the suture mdicates that the identical fibers were not 
always traced mto the distal stump Although this discontmmty was not 
striking m Fig 3, several experiments showed even greater separation of the 
two slopes 

The slope of the hue of Fig 3 at the longer conduction distances mcludmg 
the distal stump shows a conduction velocity of 34 mps Although the slope 
and, therefore, the velocity was constant for at least 6 cm , a situation which 


was frequently repeated m other experiments particularly at longer post- 
operative mtervals, occasionally the velocity decreased as the electrodes were 
moved distaUy from the suture In one such experiment m a tibial nerve at 
106 days, the velocity changed from 68 mps at 3 cm distal to the suture to 
49 mps at 5 cm and to 36 mps at 6 cm from the suture This decrease was 
gradual m many cases, but sometimes it was abrupt as if a branch of more 
rapidly conductmg fibers had been given off or lost With the first electrode 
arrangement (Fig 2), a gradual decrease m velocity was not observed m- 
dicatmg that the recovery of conduction velocity occurred at an even rate 
for the whole, or a considerable length of the fibers m the distal stump Smce 
these results are conflictmg, no defimte conclusions can be reached to sub- 
stantiate or disprove the fact that fibers acquire their myehn sheaths and 
diameters begmnmg at the proximal end (6) or that the myehn progresses 
down the regeneratmg nerve as a defimte myehn front (11) 

We do not know of any earher, direct evidence that an action which is 
propagated at high velocity m normal nerve fibers is also capable of propagat- 
mg mto slowly conductmg extensions of the fibers, or that the impulses 
which ongmate m thm, slowly conductmg fibers are also capable of propa- 
gatmg mto large, rapidly conductmg fibers This evidence should be impor- 
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have already given detailed information on the rate at ■which, fibers grow 
out mto the peripheral stump We have not, therefore, duphcated their 
systematic expenments but we have m a number of experiments assured 
ourselves that the rate of return of functional sign was more than 3 mm per 
day, a figure which agrees with the rapid recoveries recently noted by 
Gutmann, et al (3) 

Change in the maximum diameter with regeneration time The outside di- 
ameters of the largest fibers were measured m cross sections of the same ex- 



Ftg 7 Graph of the axon-diameter outside-djameter ra'ho plotted 
against the outside diameter Taken from the distal stump of right sural 
nerve after 200 days regeneration time 


cised nerves which had been used m the electncal expenments Although 
there were errors due to fixation m osnuc acid and errors due to the sm^ 
percentage of large cahber fibers in the regenerating nerves, the diameters 
were clearly seen to mcrease with time as proven by Gutmann and Sanders 
(4) In Fig 5a, the maximum diameters of the regeneratmg fibers of the 
peroneal (circles) and tibial (crosses) were plotted against the regeneration 
times The results from the saphenous nerves showed a pimilar curve, but 
the fibers were consistently smaller (Fig 5h) 

The fibers of early regeneratmg nerves were small, but these were not 
plotted on the graphs m Fig 5a and b smce the debns from the degeneratmg 
fibers comphcated the osmic preparations However, the rest of the curves 
show a gradual mcrease m diameter with time at a decreasmg rate m a man- 
ner similar to that of the velocity-time curves of Fig 4a and b In this senes 
of nerves, the largest diameter was only 16 m at 466 days whereas there are 
normal fibers larger than 20m This mcomplete re'tum of fiher diameter does 
not match the findmgs of Gutmann and Sanders (4) wherem normal diame- 
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nerve and shows the maximum conduction velocity for the first 10 cm of 
regenerated tibial (crosses) and peroneal (circles) nerves, plotted against the 
time allowed for regeneration of that nerve The results obtamed from the 
saphenous nerves are shown separately m Fig 4b Maximum normal velocity 
m this nerve is lower than m the tibi^ and peroneal nerves 

Perhaps the most stnkmg feature of Fig 4a and b is the fact that the 
regenerating fibers "matured” or approached the normal velocity very 
slowly In none of the experiments, even with the nerves which had been al- 
lowed to regenerate for 466 days was there any complete return to the veloci- 
ties expected from normal nerves In fact, after this period of regeneration 
the conduction velocity was stiU less than 80 per cent of the normal con- 
duction velocity 

Neuromuscular transmission in regenerating fibers Direct stimulation of 

the regenerating nerve fibers 
produced muscle twitches as 
early as the 23rd day after 
suture (gastrocneimus) Ob- 
servation of the movements 
of the animals, however, 
showed that they began to 
use the gastrocnemius mus- 
cle only after about 50 or 60 
days, although considerable 
remnervation of the muscle 
had taken place by that 
time The madequate abil- 
ity of the central nervous 
system to use reinnervated 
muscles may be caused by a 
number of factors In the 
first place, section and su- 
ture mtroduces the very 
considerable hazard that remnervation (both afferent and efferent) may es- 
tablish new pathways entirely mappropnate for carrying out the pattern of 
muscle movements required of the animal In nearly all the animals of our 
senes (where section and suture were earned out, condition of neurotmesis 
[9]), the normal use of the operated hmb never appeared to be completely re- 
gamed In contrast, m a senes of ammals m which the nerves had been 
crushed (axonotmesis [9]) we have observed that the operated hmb was re- 
stored to nearly normal use several months after the operation In these 
cases, presumably, the majonty of the regeneratmg fibers grew back 
mto their ongm^ connections and the normal pathways were therefore 
restored These observations confirm Gutmann (2) The first situation (sev- 
erance of the fibers) unfortunately, is the condition most common m war 
and mdustnal mjunes On the basis of our experimental data, the return of 
normal function after nerve section is, therefore, beset with this difficulty 



Fig 4b Same as Fig 4a, but for the aaphenoua nerve 
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The slowed conduction velocity of the regenerating nerve fibers is prob- 
ably another factor which is also operative in the mabdity of animals to use 
their operated hmbs normally, since the timing and pattern of both afferent 



Fig 6 Graph showing the approxunately linear relationship between the maxunum 
conduction velocities and the outside diameters of the regenerating fibers of the tabial 
(crosses), peroneal (circles) and saphenous (triangles) nerves 

and efferent impulses must be considerably disturbed because of the slowed 
conduction velocity 

Rate of growth of regenerating nerve fibers Young and his collaborators 



EFFECT OF TEMPERATURE- ON THE OXYGEN 
CONSUMPTION OF BRAIN TISSUE^ 

JOHN FIELD 2d , FREDERICK A FUHRMAN and ARTHUR W MARTIN** 
Department of Physiology, Stanford Unicersity, California 

(Received for publication, January 3, 1944) 

The extensive literature on the metabolism of excised ma mm a h an brain 
(for reviews cf , 10, 30) is concerned for the most part with data obtained 
at about the mean body temperature of the animal studied However, m 
this laboratory the effect of variation m environmental temperature on the 
action of chemical agents which augment or depress tissue metabolism has 
been studied for several years (15, 16) In the control experiments accom- 
panymg this work the oxygen consumption of cerebral cortex shces from 
345 adult albmo rats has been measured at temperatures rangmg from 0 2° 
to 47 5°C Most of the observations were made at or below 37 5°C , but for 
35 animals measurements were made at supranormal temperature levels 
This large body of fundamental data, certam derivative statistics and ob- 
servations on the reversibihty of the effects of high temperatures on the oxy- 
gen uptake of excised rat bram are presented m this paper 

METHODS 

The methods used m the preparation of tissue shces from the cerebral cortex of the 
rat and m the measurement of oxygen consumption have been descnbed previously m con- 
siderable detail (16), therefore only a brief summary of method is given here Smtable 
shces of cerebral cortex were obtamed using a razor blade and Incite template in a moist 
box Oxygen uptake was measured by the Warburg method The suspension medium 
(hqiud phase) m the respirometer vessels was Ringer’s solution buffered at pH 7 35 with 
sodium phosphate mixtures m a final concentration of M/100 This medium contamed 0 2 
per cent glucose The gas phase was oxygen Four constant temperature baths were avail- 
able, two of which were equipped with coohng imits Thus it was possible to make con- 
comitant runs on bram shces from a given animal at four temperature levels, two of which 
could be below room temperature More uniform data can be obtamed in this way than in 
successive runs on different animals All temperatures were constant to ±0 02°C or better 
Fifteen minutes of thermo-equihbration preceded each run Oxygen consumption was meas- 
ured in c mm , N P T , per mg dry weight per hour (Qo ,) Determinations on the same brain 
at a given temperature were made either in duphcate or m tnphcate 


Resxilts and Discussion 

Under the conditions of these experiments the oxygen consumption of 
cerebral cortex shces remamed constant for several hours at all water bath 
temperatures from 0 2° to 37 5°C At 40°C the rate of oxygen uptake was 
constant for 2 hours or more m about half the runs, m the others it began to 
decrease as early as thirty imnutes from the time the respuometers were set 
Possibly changes m envuonmental conditions might raise the temperature 
at which a constant rate could be obtamed (4). However, in deahng with the 
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ters were obtained after 300 days However, they employed rabbits and 
crushed the nerves while the nerves of this senes of cats were sutured 

The relationship between the conduction velocity and the fiber diameter 
Smce the maximum velocities of the fibers and the maximum diameters of 
the same regenerating nerves were measured, the two functions can be 
plotted agamst each other as in Fig 6 In this graph, the data from the tibial 
(crosses), from the peroneal (circles) and from the saphenous nerves(tn- 
angles) are plotted together The pomts scattered about a straight Ime 
Therefore, these results show the same hnear relationship between fiber 
diameters and conduction velocities as found by Hursh (7) and Gasser and 
Grundfest (1) 

The ratio between axon diameter and outside diameter of regenerating nerve 
fibers In our data on regeneratmg fibers, as m the data of Gasser and 
Grundfest (1), there is a deviation from the hnear relationship for the small 
fibers Gasser and Gnmdfest showed that this deviation may be due m 
normal fibers to the fact that the ratio between axon diameter and outside 
diameter falls considerably for the small fibers We have measured the axon 
diameter and outside diameter of 1569 fibers of a sural nerve which had re- 
generated for 200 days The curve obtamed for the ratio between these di- 
ameters (Fig 7) IS similar to that obtamed by Gasser and Grundfest 

Summahy 

1 Action potentials and microscopic preparations of regeneratmg tibial, 
peroneal and saphenous nerves of cats were studied at mtervals up to 466 
days foUowmg primary suture 

2 Action potentials were detected as early as 17 post-operative days and 
were small and slowly conducted at velocities less than 1 mps At longer post- 
operative mtervals, the potentials mcreased m size, velocity, and complexity 
showmg at least two promment components plus a C wave 

3 The thresholds for electrical stimulation of regeneratmg fibers were 
high peripherally and low centrally to the suture At longer post-operative 
mtervals, the thresholds of the distal fibers became progressively lower 

4 The maximum conduction velocities were measiued for regeneratmg 
fibers on both sides of the suture, and abrupt changes m velocity were noted 
as the impulse passed the suture Also, the most rapidly conductmg fibers of 
the distal stump were not necessarily projections from the most rapidly 
conductmg fibers of the central stump 

5 The progress of the return of conduction velocity m the fibers distal 
to the suture was slow and the velocities mcreased at a constantly decreasmg 
rate with respect to time The return of maximum fiber diameter followed a 
similar course 

6 The relationship between the maximum conduction velocity and 
the maximum fiber diameter m the regeneratmg nerve was approximately 
hnear 
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When the data were subjected to the conventional mathematical procedures 
for determinmg temperature coefficients (4) it was found that over the range 
0 2° to 37 5°C log Qo. was not a Imear function of either the Centigrade 
temperature, the reciprocal of the absolute temperature or of log tempera- 
ture This IS usually the case when biological processes are studied over a 
wide temperature range (4, 7, 29, 33) However, the graph of log Qo* as a 
function of Centigrade temperature was approximately hnear over the range 
10° to 37 5°C This is made evident m Fig. 2 



Fig 1 Graph showing Qo, as a function Fig 2 Graph showing logQo- as a function 
of temperature of temperature m degrees Centigrade 


The curve m Pig 2 was fitted to the experimental pomts by the method 
of least squares The equation for this curve is 

Log Qo, = -0 2438 +0 0328t 

where t represents Centigrade temperature The value of the van’t Hoff 
coefficient, Qi,,, is given by the slope of the curve m Fig 2 (over a 10°mter- 
V ) and IS antilog 0 328 or 2 128 This differs but slightly firom the value of 

102 previously reported from this laboratory for a smaller number of am- 
mals (19) 

No data were found on which to base a comparison between the influence 
01 temperature on the oxygen consumption of the mtact rat, uncomphcated 
y CO efense reactions, with the relations shown m Fig 1 In the absence 
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The curves of Fig 3 for 45° and 47 5°C exemplify Blackman’s three 
"laws” (5) descnbmg the influence of supraoptimum temperatures on meta- 
bohc processes, viz that at such temperatures metabolism shows a progres- 
sive decrease with tune, that this decrease is faster the higher the tempera- 
ture, and that the decrease is most rapid mitially 

Beside these features, the 45° and 47 5° isotherms m Fig 3 converge to- 
ward a final common value of Q02, which may be termed the thermostable 
Qo: It IS shown m Fig 4 that the same change is occurnng at 42 5°, although 
more slowly The thermostable Qo* amounts to about 10 per cent of the Qo; 
of fresh cerebral cortex shces at 37 5°, and is approximately equal to the 
fraction of oxygen uptake which is stable toward various chemical inhibitors 
of oxygen consumption m excised tissue (16, 17) We found that the thermo- 
stable Qo; was not affected by either 0 024 M propazone or 0 1 M sodium 
aade Both compounds, m these concentrations, reduced the oxygen con- 
sumption of cerebral cortex shces (at 37 5°C ) to the inhibitor stable leveL 
Thus there is considerable quahtative and quantitative similarity between 
the thermostable, inhibitor stable and relatively cold stable (cf 15) fractions 
of rat bram respiration It is tentatively suggested that these fractions rep- 
resent the same group of biological oxidation processes 

It IS evident from inspection of the curves of Fig 1 and 3 that, insofar as 
Qoj IS concerned, Dixon (11) is mistaken m statmg that m excised bram, 
" a nse m temperature from 37° to 42° only produces a very shght in- 
crease m metabohc rate, whilst on raismg the temperature to 45°C the 
metabohsm mcreases enormously ” This view is not m harmony with either 
the observations of Himwich and associates (21) on bram brei, of Bracket 
and Bremer (6) on mmced frog bram or our findmgs on rat cerebral cortex. 
Furthermore, m our opmion, the data published by Dixon are too few and 
too variable to serve as the basis for generalization 

The type of heat effect illustrated m Fig 3 has been demonstrated m 
many and diverse biological processes and forms (4, 7, 22) It is therefore 
general While any explanation must be considered tentative and m- 
complete, there is mdirect evidence that the dimmution in Qoj with time at 
high temperatures may be attributable to progressive decrease m the mtra- 
ceUular concentration of an oxidative enzyme or enzymes Thus it is weU 
established that inactivation of many oxidative enz3anes by heat becomes 
appreciable at about 40°C (31) Furthermore, it has been shown that m the 
bass bram the rate of ammoma production increases with rise m temperature 
m the range m which oxygen consumption is decreasmg This may imply in- 
creased catabolism of some mtrogenous compound important m tissue respi- 
ration (19) ^ 

It is mterestmg that oxygen consumption m preparations from rat bram 
has b^n observed after more drastic heatmg than any described above 
Thus Cohen and Gerard (9) reported that heating to 60°C did not enturely 
abolish the oxygen uptake of homogeneous coUoidal suspensions of bram m 
water We found a small oxygen consumption m suspensions of a dried 
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data m hand it is convenient to consider the results in the temperature ranges 
of constant and of decreasing Qoj under separate headings 

1 Oxygen consumption of cerebral cortex 0 2° to 37 5°C Mean values of 
Qoj of cerebral cortex shces in this temperature range, together with certam 
derivative statistics, are presented in Table 1 


Table 1 The effect of temperature on the oxygen consumption of brain 0£°Q to 37 5°C 


Temperature 

(C) 

No of 
atumalfi 

Mean Qo_ 

Standard 

Deviation 

Standard 

Error 

0 2° 

2 

0 29 



5 0° 

6 

0 66 

0 134 

0 0516 

10 0° 

20 

1 17 

0 283 

0 0618 

16 0° 

26 

1 76 

0 427 

0 0824 

20 0° 

16 

2 71 

0 646 

0 139 

25 0° 

42 

3 78 

0 716 

0 108 

30 0° 

30 

5 41 

0 932 

0 170 

35 0° 

19 

7 90 

1 628 

0 350 

37 5° 

147 

10 21 

1 695 

0 129 


For convemence m comparison with other data (3, 4, 7, 20), the value of 
mean Qoj as a function of temperature is presented graphically m Fig 1 

It 18 shown m Fig 1 that the Qo. is a contmuous function of tempera- 
ture over the range 02°to376° Over this range there is progressive mcrease 
in the slope of the curve Quahtatively similar curves have been obtamed 
with various organisms and isolated organs on plottmg oxygen consumption 
and many other biological processes as a function of temperature (4, 7, 23, 
29) These data, obtamed from the largest senes of measurements yet made 
on bram respiration, support the view of Krogh (25) that m general catabo- 
lism is a contmuous function of temperature up to a maximum and are of 
course mconsistent with the contrary h 3 ^othesis of O’Connor (27) 

Except in the earher reports from this laboratory (19) there are no data 
on mammahan bram in vitro with which to compare these observations The 
only other recent and relevant findmgs are those of Himwich and his associ- 
ates (21) on the oxygen consumption of bram brei over the range 25° to 
45°C These data are not directly comparable with ours because of the dif- 
ference m the method of preparation (12) and the absence of a steady state 
of oxygen uptake at temperatures as low as 25°C (21) However, when the 
oxygen uptake reported by Himwich et al for the period 0 to 20 mmutes after 
thermo-equihbration was plotted as a function of temperature over the range 
25° to 40°, a curve quite similar to the correspondmg segment of Fig 1 was 
obtamed 

A curve such as that shown m Fig 1 is probably the resultant of a variety 
of chemical reactions and physical changes many of which have different 
temperature coefficients It follows that both metabohc pattern and physico- 
chemical status are functions of temperature However, for many purposes 
it IS useful to ascertam the over-all temperature coefficient or coefficients 
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longer exposures at this or higher temperatures resulted m progressively less 
recovery of the capacity for oxygen consumption when the tissue was re- 
turned to a temperature of 37 5°C The fact that Qo. leveled off to a steady 
state at 37 5® after exposure to higher temperatures (below 47 5°) may be 
exphcable on the assumption that a certain fraction of the cell population 
or of the respiratory mechanism of each cell had been destroyed 

It IS evident that when recovery of the initial capacity for oxygen con- 
sumption at normal body temperature is used as a cntenon, the extent of 
recovery of excised rat cerebral cortex after exposure to supranonnal tem- 
peratures depends on the extent and duration of the increase in temperature 

Table 2 Comparison of the oxygen consumption of cerebral cortex slices from a single rot brain 
suspended in fresh Ringer's and in Ringer's containing heat treated cortical material 

{See text ) 


MEDIUM Qo; 


Fresh Ringer’s 

9 

74 

9 

74 

Medium A 

11 

12* 

10 

65* 

Medium B 

10 

70* 

9 

29* 

Medium C 


10 

10* 


Medium D 


10 

35* 



Medium A 

2 ml Rmger’s containing 

50 mgm 

mcubated brain shces 

Medium B 

a a a 

50 “ 

* “ brei 

Medium C 

u a u 

100 “ 

“ “ shces 

Medium D 

u u u 

100 “ 

“ “ brei 


• Corrected for heat stable respiration of incubated matenal 

It IS also clear that by this criterion, this tissue can withstand greater and 
longer excursions below body temperature than above it Thus recovery of 
the mitaal Qoj can occur after an hour at 0 2°C. (18) but not after an hour at 
40 8®C 

4 Test for possible production of a toxic factor in brain exposed to heat Of 
the many suggestions offered in explanation of the mechanism of injury of 
metabohc processes by heat (cf 4), one is that the metabolic machmery is 
damaged by an accumulation of metabohtes having a "toxic” effect This 
conception was tested as follows In a typical experiment, bram firom rat no 
1 was shced as usual About half of this shced matenal was then groimd to a 
brei m an Hayden grinder Respirometer vessels were then charged either 
with shces of brei and shaken for 70 mmutes m a water bath at 47 5°C After 
this procedure any remaining oxygen consumption would be at the thermo- 
stable level 

Cerebral cortex shces from rat no 2 were then placed in the respirometer 
vessels contaimng tissue and medium previously run at 47 5®C Controls 
were run by placmg cortex shces from rat no 2 m fresh Rmger’s Measure- 
ments of oxygen uptake were then made at 37 5° Data from a representative 
experiment are given m Table 2 
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of such data, some measurements of Krogh (cited in 23, p 148) on the oxy- 
gen consumption of the curanzed dog at body tempeiatures rangmg down to 
14 1°C were used for comparison l^en these data were plotted as log oxy- 
gen consumption agamst Centigrade temperature they could be fitted fairly 
well by one straight hne The van’t Hoff coelficient (Qio) was 2 1 This is 
quite close to our value of 2 13 for rat cerebral cortex slices over a shghtly 
greater range Over narrower temperature ranges, values of Qio approximat- 
mg 2 have been reported for exased mammahan bram by sever^ workers 
(2, 21, 26) 

The Significance of the data m the low temperature range with regard to 



Fig 3 Graph showing diminution of Qo, with time at 
high temperature levels 

the degree of hypotherma compatible with hfe m the mtact animal and the 
reversibihty of the effects of extreme cold on the oxygen uptake of excised 
bram have been discussed m an earher paper (18) The remamder of this 
paper wiU be concerned with a considerataon of the influence of supranormal 
temperatures on bram respiration 

2 Oxygen consumption of cerebral cortex 40° to 47 5°C Thirty-five adult 
albmo rats were used m this part of the mvestigation The mconstant time 
course of Q 02 at 40°C has been described At temperatures above 40°, rang- 
mg up to 47 5°C , there was progressive dimmution m Qoj with tame, an ef- 
fect that became more marked the higher the temperature Thus m this 
range thermal equihbnum did not mvolve a steady state with regard to oxy- 
gen consumption This is shown in Fig 3, where values of Q 02 are given as 
functions of temperature and of time The data of Fig 3 are taken from the 
protocol of a representative experiment, all the values of Qoj presented there 
were obtamed from measurements on cortex shces from a smgle animal 
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per hour (Qo.) The standard deviation of the distribution and the standard 
error of the mean were calculated for the values of oxygen consumption at 
each temperature used m the range 0 2° to 37 5°C 

2 It was shown that the graph of log oxygen consumption as a function 
of temperature m degrees Centigrade was approximately hnear over the 
range 10'’ to 37 5°C The equation for this curve was 

Log Qo;= -0 2438+0 328t 

where "t” represents the temperature m degrees Centigrade The van’t 
Hoff temperature coeflScient, Q,o, m this temperature range was 2 13 

3 In the range 0 2° to 37 5°C., Qo; was constant for more than three 
hours However, at 40° and above, Qo^ diminished with time This effect 
was the more marked the higher the temperature However, when Qn, were 
calculated from the 20-mmute period immediately foUowmg thermoequih- 
bration there was no evidence of discontinuity m the Qoi'temperature curve 

4 Decrease m Qo- with tune at 40°C was found to be reversible for 
penods of exposiue to 40° of as long as 3 hours However, at 40 8° an ex- 
posure of more than 30 mmutes resulted m some loss of capacity for oxygen 
consumption on restoration to 37 5° This loss became progressively greater 
with mcrease m temperature, exposure time or both However, there was a 
hunt to the dechne m Qo., at least for temperatures up to 47 5° and ex- 
posure tunes up to 2 hours The “steady state” value of Qoj under these 
conditions amounted to about 10 per cent of the Qo. at 37 5° and was 
termed the “thermostable” Qoj 

5 There was no mdication of the accumulation of a substance capable 
of inhibitmg the oxygen uptake of fresh bram tissue when bram shces or 
brei were mcubated for 70 mmutes at 47 5°C 

6 The possible significance of these data m relation to the effect of hy- 
perthermia on the mtact animal was discussed 
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powder of brain tissue (heated 24 hours at lOS^C ) in Ringer’s solution This 
amounted to about one per cent of the respiration of corresponding weights 
of fresh tissue nm at 37 5°C Similar residual oxygen uptake has been ob- 
served with suspensions of dried powders of tumor and muscle tissue (13) 

3 Reversibility of the inhibition of brain respiration by heat This was 
tested m the foUowmg way In a representative experiment, shces of cerebral 
cortex from a smgle bram were placed m a senes of respirometer vessels 
One of these vessels was placed m a water bath at 37 5°C (control), the oth- 
ers m water baths at the higher (expenmental) temperatures After the ’pe- 
riods of supranormal temperature 
indicated on the X-axis m Fig 4 
(mmutes from the time the vessels 
were placed m baths at the expen- 
mental temperatures) vessels were 
removed from the warmer baths 
and placed m the bath at 37 5°C A 
value of 100 was assigned to the Qo: 
of the control bram shces (mam- 
tamed at 37 6° throughout) and the 
values of Qoj at other temperatures, 
given m Fig 4, are m terms of per 
cent of the control These per cent 
values were calculated from the 
measured oxygen uptake dunng the 
penod 16 to 45 mmutes after the 
expenmental vessels were trans- 
ferred from the higher temperature 
to 37 For cerebral cortex shces 
previously exposed to temperatures 
of 46°C or less, this comparison was 
satisfactory because after transfer 
to 37 5° oxygen consumption re- 
mamed constant for at least an 
hour The previous dimmution m Qo- did not continue, and there was no 
delayed recovery of the type observed by Gray (20) m Mytilus gills after 
heatmg to 40°C However, for tissues previously exposed to 47 5°C , the rela- 
tive oxygen consumption values given m Fig 4 were characteristic only of 
the penod 15 to 45 mmutes after transfer, because after exposure to this 
high temperature no steady state of Qoj was attamed on placmg the tissue 
at 37 5'’C Evidently processes tendmg to decrease oxygen consumption 
which were imtiated at 47 5° contmued after transfer to 37 6° This progres- 
sive decrease m Qoj was limited by the value of the thermostable Qoj 

It is shown m Fig 4 that complete recovery of the mitial rate of oxygen 
occurred after exposure of cerebral cortex shces to 40 °C for as long as 3 
hours However, after 30 mmutes at 40 8°, recovery was mcomplete and 



Fig 4 Graph showing reversibility of 
the decrease in Qo, at high temperature levels 
For explanation, see text 
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The basal ganglia are large nuclear masses lying m tbe forebrain deep to 
the cerebral cortex, whicb on account of their anatomical connections and 
structure have long been regarded as motor m function FoUowmg the dis- 
closures of Fntsch and Hitzig and the later work of Sherrmgton and many 
others concerrung the functions of the motor cortex, attention was turned 
to these subcortical structures (6, 7, 24, 25) 

The hterature deahng with the functions of the basal ganglia (3, 15, 17, 
21, 22), however, mdicates wide discrepancies between chmcal and experi- 
mental data, m particular a lack of correlation between recent physiological 
work on nmmfllR and the older chmcal concepts of basal ganghar function 
Smce the reviews just mentioned, particularly that of Bucy (3), are recent 
and comprehensive, discussion of previous hterature will here be omitted. 

The basal gangha dealt with herem are the nuclei caudatus, putamen and 
globus palhdus The other motor structures lying deeper, — the substantia 
mgra, corpus Luysi, reticular substance and nucleus ruber — are usually 
mcluded m the basal gangha (8) but m the present study have not been 
mvestigated The data to be reported are based on findings after experi- 
mental lesions of caudate, putamen and globus palhdus m 54 monkeys and 
6 chimpanzees 

MEraOD 

This study has been based on observation of pre- and postoperative behavior of pri- 
mates in which various parts of the basal ganglia had been destroyed via different routes 
The observations were largely, although not entirely, on "chronic” preparations This 
method was chosen first, because it was one well adapted and long m use m the Labora- 
tory, and second, because it was obvious from the hterature that neither by stimulation, 
by small discrete lesions, such as are made with the Horsley-Clarke instrument nor by 
chmcal means had much positive evidence been uncovered concerrung striatal function 
A Surgical procedure All lesions were made under sterile conditions by a technique 
previously well established m the Laboratory An area of the surface of the bram was ex- 
posed through skin, bone and dural fiap and the lesion made either by blunt dissection 
from the surface of the bram foUowmg hemostasis or by gentle suction withm deeper struc- 
tures Each of the nuclei of the basal gangha could thus be remov ed in whole or m part, 
singly or together, with one or more of the other nuclei from various approaches as foUows 
The caudate was removed by suction most often after excision of area 6, smce tbe head 
of the caudate lies deep to this cortical area (Fig 1) It was also sucked out after section 
°[ t"® corpus callosum through the lateral ventricle without mjury to cortical tissue A 
third method of remov al was via the frontal areas after excision of part or all of areas 8-12 
I n many i nstances the entue head of the caudate was found at autopsy to have been re- 
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It IS clear from inspection of Table 2 that there is no indication of the 
production of a toxic factor when either cerebral cortex shces or brei were 
mcubated for 70 mmutes at 47 5°C Brei was run to test for the possible 
production of a toxic agent which could not diffuse out of the mtact cell 
(while brei preparation is not standardized, it is probable that few mtact 
cells are present, 28) Double quantities of mcubated matenal (media C and 
D, Table 2) were used in a second senes of tests to decrease the chance that 
the presence of such a toxic factor is masked by rapid mactivation m fresh 
tissue Under such conditions doubhng the quantity of toxic agent is more 
hkely to entad reduction of oxygen consumption This did not occur In fact, 
even after allowance for the thermostable Qoj of the heated matenal, the 
Qoj of the fresh tissue m the presence of the previously heated shces of brei 
was shghtly higher than that of the control m fresh Rmger’s (Table 2) If 
this difference is significant it is probably attnbutable to the utilization of 
thermostable nutnents or catalysts contnbuted by the heated tissue (24) 

Generax, Discussion 

Chute and Sm 3 rth (8) have shown that possible discrepancy between the 
rates of bram respiration in vivo and in vitro is less than formerly assumed, 
mdeed that there may be no discrepancy at all Hence the data m this paper 
may furnish a reasonably satisfactory picture of the oxygen uptake of cere- 
brad cortex m the intact rat at correspondmg rates of heatmg, body tempera- 
tures and exposure tunes However, certam differences are to be expected 
m view of the difference m rmheu, modified by such factors as the presence 
of the circulation and its progressive failure with nsmg temperature m the 
mtact h 3 qierthermic animal 

Disappearance of reflex responses and death occur m the mtact rat at 
body temperatures of the order of 42° to 45 °C , survival bemg shorter at the 
higher temperatures (1, 32) This is the temperature range m which there is 
progressive decrease m the oxygen uptake of excised rat cerebral cortex It 
seems hkely that such dimmution of bram respiration is an important factor 
m heat paralysis and death m the mtact animal 

Recent work on the frog is m harmony with this view In this form the 
outset of heat paralysis, marked by cessation of electrical activity m the 
bram (14), occurs at about the same temperature as inhibition of bram 
respiration (6) This would appear to be another mstance m which damage to 
the functional activity of the bram is consequent upon or reflected m depres- 
sion of oxygen consumption of that organ 

Summary 

1 Mean values of the oxygen consumption of cerebral cortex shces from 
adult albmo rats were detenmned at graded temperatures withm the limits 
0 2° to 47 6°C Most observations were made withm the range 0 2° to 40°C 
Three hundred forty -five ammalB were used Oxygen consumption was ex- 
pressed m cubic rmUimeters (rmcrohters), N P T , per milhgram dry weight 
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Fig 2 Bilateral ablation of pntamen via area 8 

it was felt that any additional symptom or symptoms which appeared following comhmed 
lesions must be due in part at least to basal ganglia dysfunction. If then, the same symptom 
could be produced, either by isolated lesion of this basal ganglia nucleus, or by a lesion 
made via another approach (m which none of the same structures except bas^ ganglia 
was touched), the findmgcouldbeattnbuted to destruction of this smgle area Smce tremor, 
the most outstanding symptom of lesions of the basal ganglia m this senes, was markedly 
affected by emotion and fatigue the effect of cholmeigic and adrenergic drugs was studied 
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Tremor was recorded electrically from a number of anunals by Dr L F Nims for aMlysis 
of its component parts Electro-encephalograms were made before and after operation in 
a large senes of cases (11» 14) 

Experimental Data 

The present investigation has covered a period of nearly six years during 
which a large number of animals were examined and not imtU all of this 
matenal had been studied was it felt that an anatomical and functional cor- 
relation was possible Two circumstances necessitated this slow progress, 
first, the relative non-specificity of the striatal nuclei which is such that small 
lesions anywhere caused either no symptoms at all, or mconspicuous and 
often transient changes which were shortly compensated for by the remain- 
mg tissue In the second place the basal gangba be so near the mtemai 
capsule, thalamus and cortex that mjury to these structures must always be 
excluded as a cause of symptoms 

In the followmg presentation of experimental data the protocols of m- 
dividual gnimalfl have not been given, partly because of the large number 
exammed and partly because this present concept of function is based largely 
on the entire picture and not on mdividual instances In a previous prelim- 
mary report (13) abstracts of representative protocols of some of these 
animals are given Because of species differences which became apparent 
during the mvestigation, the data for the monkeys wiU be given separately 
from those for the chimpanzees 

Monkeys 

A Symptoms characteristic of ablation of individual nuclei 

1 Caudate nucleus In three mstances, the head of the caudate nucleus 
was removed at first unilaterally and then bilaterally through the lateral 
ventncle after section of the corpus callosum In no instance was a clear cut 
postoperative symptom evident Postoperative activity was normal, there 
was no paresis, spasticity or tremor In aU three cases area 6 was subse- 
quently removed Two animals then developed spasticity and marked 
tremor, the third exhibited the spasticity and r^ex graspmg which are signs 
of removal of area 6, but without tremor At autopsy the caudate lesions in 
this last case were small In two of these cases, as m several with lesions of 
putamen, it was thought that after ablation there was a slight and transient 
dimmution m resistance to passive mampulation of the contralateral ex- 
tremities In two other cases the head of the caudate was removed bilaterally 
through holes made m the cortex of area 8, — the field representmg conjugate 
eye deviation No symptoms developed here which could be attributed to 
the caudate lesion The monkeys showed the fixed gaze, stooped posture, 
lachiymation and pseudohemianopia characteristic of bilateral area 8 le- 
sions (10), followed later by motor hyperactivity 

Unilateral and bilateral extirpations of area 6 and caudate were made 
m 18 monkeys All developed characteristic changes m motor performance A 
unilateral ablation of this sort produced contralaterally the transient paresis, 
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moved without injuiy to adjacent structures, but the tail and amygdaloid nucleus have 
never been destroyed 

The putamen can be almost completely destroyed through the frontal areas or from 
area 8 (Fig 2) It can also be reached from the depth of the lateral parts of the crater made 
by excision of area 6, and it was this approach which was used when combmed lesions of 
caudate and putamen were desired Another approach was from the base of the brain just 
rostral to optic chiasm and anterior commissure, where it can be reached only about 2 mm 
deep to the gray matter of the orbital surface by a small hole made lateral to the olfactory 
bulb From a fourth direction through the depth of Sylvian fissure both putamen and globus 
palhdus could be destroyed without injury to internal capsule (Fig 3) 

The globus palhdus was reached either via the base of the brain or the Sylvian fissure 



Fig 1 Bilateral ablation of area 6 and 
caudate nucleus 

as with the putamen In a number of instances either the external segment or both seg- 
ments of this nucleus were injured without damage to surrounding structures However, 
we never accomplished an isolated lesion of the mtemal segment of the globus palhdus 
The ansa lenUcularis was also sectioned either through the foramen of Munro after 
the operation devised by Meyers (16), or from the base of the bram through a small hole 
made just rostral to the chiasm 

The HorsIey-CJarke apparatus was used for the first ten cases of lesions of putamen 
and globus palhdus combmed with cortical ablations * 

B Methods of observation Most of the study of function of the basal gangha was 
made entirely through chiucal observation Smce the effects of lesions of the various parts 
of cortex through which an approach to basal gangha was made were already well known, 

• The Horsley- Clarke lesions were made by Dr M H Brown and the findmgs have 
been reported elsewhere (2) 
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Tremor was recorded electrically from a number of animals by Dr L F Nims for analysis 
of Its component parts Electro-encephalograms were made before and after operation m 
a large senes of cases (11, 14) 

Experimentai/ Data 

The present investigation has covered a penod of nearly six years during 
v?hidi a large mimber of animals were examined and not until all of this 
material had been studied was it felt that an anatomical and functional cor- 
relation was possible Two circumstances necessitated this slow progress, 
first, the relative non-specificity of the stnatal nuclei which is such that small 
lesions anywhere caused either no symptoms at aU, or mconspicuous and 
often transient changes which were shortly compensated for by the remam- 
mg tissue In the second place the basal gangha he so near the mtemal 
capsule, thalamus and cortex that injury to these structures must always be 
excluded as a cause of sjrmptoms 

In the followmg presentation of experimental data the protocols of m- 
dividual stutuhIr have not been given, partly because of the large number 
exaimned and partly because this present concept of function is based largely 
on the entire picture and not on mdividual instances In a previous prehm- 
mary report (13) abstracts of representative protocols of some of these 
ammnls are given Because of species differences which became apparent 
dunng the mvestigation, the data for the monkeys will be given separately 
from those for the chimpanzees 

Monkeys 

A Symptoms characteristic of ablation of individual nuclei 

1 Caudate nucleus In three instances, the head of the caudate nucleus 
was removed at first unilaterally and then bilaterally through the lateral 
ventncle after section of the corpus callosum In no instance was a clear cut 
postoperative sjonptom evident Postoperative activity was normal, there 
was no paresis, spasticity or tremor In all three cases area 6 was subse- 
quently removed Two animals then developed spastiaty and marked 
tremor, the third exhibited the spastiaty and reflex graspmg which are signs 
of removal of area 6, but without tremor At autopsy the caudate lesions m 
this last case were small In two of these cases, as m several with lesions of 
putamen, it was thought that after ablation there was a shght and transient 
diminution m resistance to passive manipulation of the contralateral ex- 
tremities In two other cases the head of the caudate was removed bilaterally 
through holes made m the cortex of area 8, — ^the field representmg conjugate 
eye deviation No symptoms developed here which could be attributed to 
the caudate lesion The monkeys showed the fixed gaze, stooped posture, 
lachrymation and pseudohemianopia characteristic of bilateral area 8 le- 
sions (10), followed later by motor hyperactivity 

Unilateral and bilateral extirpations of area 6 and caudate were made 
in 18 monkeys All developed characteristic changes m motor performance A 
unilateral ablation of this sort produced contralateraUy the transient paresis. 
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Fig 3 Bilateral ablation of putamen and globus paUidus via Sylvian fissure 
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spastiaty Similar results were obtained from two lesions made via the 
orbital surface 

4 Section of ansa lenhcularis Smce this tract is known to be the chief 
efferent from all three nuclei of the basal gangha, its section should cause 
symptoms similar to those which follow lesions of the hasal gangha This 
was true of the five animals m which this tract was sectioned Three of these 
had had previous ablations from area 6 and caudate In all five, a tremor and 
mcoordmation of movement which was relatively gross appeared or, m those 
with previous lesions, became mtensified In all, spasticity and paresis were 
present m moderate degree In all the internal capsule had been damaged 
Tremor, after a unilateral section of the ansa was always slight and bilateral, 
spasticity and paresis were contralateral and more severe 

In summary, tremor is a constant findmg m monkeys when lesions of any 
one of the three hasal ganghar nuclei have been sufficiently large to produce 
any change This tremor, &e characteristics of which wdl be described later, 
was present bilaterally as a result of unilateral lesions, it was augmented by 
bilateral lesions and by ablations of Brodmann’s area 6 Spasticity did not 
appear as a result of isolated lesions of basal ganglia, but only when cortical 
areas concerned with spastiaty were damaged m addition However, the 
spastiaty from the combmed cortical and subcortical lesions seemed greater 
and more endunng than that from cortical lesions alone 

B Inconstant findings 

A number of sjrmptoms appeared m one or more of the monkeys as a re- 
sult of vanous lesions and are probably significant, espeaally m the hght 
of the findmgs m chimpanzees 

1 Epilepsy, severe and generalized, lastmg several weeks after operation, 
occurred m two cases after bilateral removal of area 6 and caudate, and m 
a third after bilateral removal of area 8 and putamen In all three instances 
it was much more severe and endunng than following cortical lesions m this 
laboratory The EEG was recorded m two of these monkeys and was charac- 
teristic of epilepsy In several other animals typical epileptic attacks ap- 
peared on the EEG record although no clmical signs were ever present 

2 No true chorea was seen m any monkey, but irregular mvoluntary 
jerkmg movements of head and contralateral hmbs while at rest were almost 
always present for a penod of hours or days after emergence from the opera- 
tive anesthetic These choreiform movements appeared m all four of the 
baboons operated upon and were exceedingly marked m one of them, which 
may be significant of a speaes difference as will be shown m the discussion 
of the chimpanzees The same type of movements were recorded as "marked” 
m three of the 12 mangafaeys and m three of 38 Macaca mulatto used Similar 
movements, although shght and transient, were seen m the majority of the 
ammals with basal gangha lesions regardless of the site of the lesion withm 
these nuclei 

3 Atrophy of the contralateral limb musculature, persistent and rather 
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spasticity and reflex grasp of the area 6 lesion In addition there developed, 
frequently but not always, an ipsilateral tremor lastmg only a few days and 
shght at best Immediately after bilateral lesions these monkeys displayed 
pronounced bilateral tremor which appeared with the return of voluntary 
power, was greatest durmg the first postoperative weeks but persisted in 
some cases many months after operation Spasticity followmg this combmed 
operation was, possibly, shghtly greater than when cortical mjury to area 6 
alone had been sustamed 

Exammation at autopsy showed that these cases had had symptoms 
which varied m seventy directly with the size of the caudate lesion Small 
lesions gave shght symptoms or none at all There was no mdication of focal 
representation withm the nuclei Arm, head and leg were equally affected 
and there was bilaterahty of function, although the side opposite the most 
recent lesion was always most severely affected After the unilateral extirpa- 
tions it seemed probable that the shght ipsilateral tremor was a manifesta- 
tion of the bilaterahty of this symptom upon which had been superimposed a 
contralateral paresis 

2 Putamen In seven cases bilateral lesions of putamen or of putamen 
and globus paUidus were made by the Horsley-Clarke stereotaxic instrument 
In none of these did tremor or spasticity appear, although when lesions of 
area 6 were added (6 cases), spasticity developed m all and tremor m the 
three suffenng the greatest loss of stnatal tissue 

Of four bilateral extirpations of putamen made via area 8, three showed 
marked tremor without spasticity The fourth case, had relatively small le- 
sions The putamen was reached and large ablations made from it and from 
the external segment of the globus palhdus through the depth of the Sylvian 
fissure of four animals AH developed tremor, and mcreased resistance to 
passive mampulation followmg large bilateral ablations No symptoms fol- 
lowed any unilateral ablation via this approach 

Excision of large parts of the putamen from the orbital surface of four 
animals caused similar symptoms except that, the tremor lasted longer smce 
these lesions were dehberatedly made larger In all ablations of putamen 
via any approach, if tremor and spasticaly were present, they seemed to 
be more pronounced m head and arms than elsewhere This is the only mdi- 
cation of local division withm the nuclei so far noted Bilateral putamen 
lesions seemed often, but not always to be followed by a tight closure of the 
jaw, and some retraction of the head, together with tremor Unilateral le- 
sions were followed by deviation of the jaw toward the side of the lesion and 
by an exaggeration of jaw movements m chewmg 

3 Globus palhdus In three animals isolated lesions were made bilat- 
erally by Horsley-Clarke method in the globus palhdus and m three others 
the lesion was combmed with putamen destruction In none did symptoms 
appear until subsequent removal of area 8 caused endurmg spasfacity and 
tremor When large lesions were made by suction through the Sylvian 
fissure, however, there was pronounced tremor always accompanied by 
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D Characteristics of tremor 

The involuntary irregular athetoid or choreiform movements present to 
a shght degree m monkeys were much more pronounced m chimpanzees and 
analysis of these movements wdl be added with the chimpanzee data Analy- 
sis of the tremor was attempted m the monkeys by various means 

1 Clinical characteristics Observation of this tremor m the large senes 
of monkeys proved that it was a tremor of activity Although totally absent 
durmg complete rest, it was often present when there was no active move- 
ment, i e , when the limb musculature was "set” m a state of partial contrac- 
tion either just pnor to movement or as a part of the mamtenance of 
posture The tremor was always greatest durmg voluntary movement and 
espeaaUy at its mitiation It was, furthermore, always augmented by ten- 
sion, exatement, or fatigue Although it was largely, if not entirely a tremor 
of action, it differed from the cerebellar "mtention tremor” which always 
became exaggerated toward the end of a movement, this tremor was greatest 
at the mitiataon of movement and diminished at the end of the desired act 
Often the tremor appeared to precede a voluntary movement 

The "voluntary” or purposeful element of the movement which produced 
tremor always appeared essential Partially paretic animals whose limbs 
moved m association or reflexly, as m reflex grasp had no attendant tremor 
imtil, with recovery, a volvmtary control of the extremity could be exerted 
The bdaterahty of function of basal gangha and the lack of localization of 
function withm the nuclei is almost complete with regard to tremor Thus, 
a large unilateral lesion m caudate and putamen (caudate alone is not 
enough), m putamen, or m putamen and globus paUidus would be followed 
by bilateral tremor of shght or moderate degree which could be mcreased 
at a second operation by removal of either contralateral areas from basal 
gangha or of area 6 from cortex 

The close relation of the extrapyramidal motor cortex to basal gangha 
has already been discussed (13) but it should be here reemphasized that, 
tremor does occur m monkeys from which area 6 has been removed simul- 
taneously and bilaterally Although less m degree it is otherwise closely 
similar to that which appears followmg combmed cortical and subcortical 
lesions 

In every mstance the most marked tremor occurred from combmed le- 
sions Removal of area 6 and head of caudate, or, more particularly of areas 
6, 8 and head of caudate caused maximal symptoms, although the symptoms 
followmg large bilateral lesions m basal gangha alone were almost compara- 
ble m seventy By contrast, lesions of area 4, through paresis, always dirrun- 
ished the tremor temporarily, as has been known to be the case m man 
when Parkmsoman tremor has been abolished by superimposed hemiparesis 

The paroxysms of tremor occumng with movement imght appear m any 
one of several characteristic patterns For purposes of exammation and 
comparison tremor was clmically classified m four degrees of seventy as 



134 


MARGARET A KENNARD 


marked, was noted m four monkeys havmg had bilateral (seriatim) removal 
of area 6 and caudate Many others with the same lesion showed no such 
atrophy, and no explanation of the cause can be offered here However, m all 
four cases there had been rather marked paresis of some week’s duration pre- 
cedmg the appearance of atrophy 

C Incidental symptoms resulting from damage to adjacent structures 

The following symptoms occurred in a significant number of cases, but were m each 
instance attributable to injury of structures other than basal gangba 

1 Motor paresis appeared, of course, when lesions had been made in either, areas 4 
or 6 It also occurred incidentally if the internal capsule was impinged upon at ojieration 
The placing responses were used as an index of injury to corticospinal tracts dunng life 
and verification made at autopsy If placing responses were present and area 6 undamaged 
no true paresis was ever seen and hence none can be attributed to basal ganglia deficiency 

2 Spasticity and postural changes never occurred when lesions were restricted to the 
basal gangba The jaw-clenching and retraction of the head occurred only when there was 
known involvement of the putamen and usually of tracts lateral to it leading from face 
areas 8 and 6 This matter wdl be discussed later 

3 Symptoms of lesions in area 8 were those of deviation of the head and eyes toward 
the side of the lesion, forced circhng, in that direction and psuedohemianopia followmg 
unilateral lesions When bilateral, the animal exhibited characteristic fixity of gaze, set 
face, and stooped posture Here, as in the relation of area 6 to caudate and putamen, it is 
the impression that, although no such sjrmptoms appeared after restnct^ subcortical 
lesions, addition of these lesions to those of area 8 produced much more intense and per- 
sistent postural and behavioral changes 

4 "Parkinsonian syndrome" A combined bilateral lesion of area 8 and caudate, of 
areas 6, 8 and caudate, or of these together with putamen all produced something com- 
parable to Parkinsonism in man Such ammals, sedentary, stooped and with fixed gaze, 
exhibited tremor and mcreased salivation Usually, however, this picture was of only a few 
weeks’ duration, as the symptoms of area 8 ablation characteristically clear rather rapidly 

6 Hyperactivity This is also a symptom of bilateral interference with areas rostral to 
the motor cortical areas, — either are 8 or areas 9-12 (12) It appeared 12 times in these 
54 cases In each case there was evidence of mjury to these cortical regions In six instances 
there had been deliberate destruction of some or all of the frontal cortex, m the remaimng 
SIX these areas or their tracts had been encroached upon dunng operation as indicated by 
alterations in conjugate deviation of the eyes 

One additional animal may be cited as a control Ojicrated upon early in the senea 
it developed intense hyperactivity followmg what was thought to be bflateral destruction 
of face area 6 and caudate head At autopsy it was apparent that the sucker had passed m 
extirpating, "lateral to and below” the caudate and that this nucleus was therefore un- 
touched on either side 

6 Autonomic symptoms were carefully watched for, because of the early concept that 
the corpus stnatum was concerned with autonomic function None was found which could 
be attributed to the basal gangba alone There were neither changes m skm temperature 
nor rectal temperature followmg operation Pulse and respiratoiy rate were likewise un- 
altered 

While attempting to destroy the globus pallidus from the orbital surface there was 
inadvertent encroachment upon the hypothalamus m two cases, m both of which patho- 
logical sleep developed (18) and was so profound that the animals could be nourished only 
with difficulty smee, when fed, they fell asleep before the food could be swallowed Pro- 
nounced piloerection followed bilateral extirpation of area 6 and lacbiymation appeared 
with lesions of area 8 Multiple gastric ulcers were present at autopsy m two instances, 
one followmg bilateral area 6 and caudate extirpation, the other after bilateral removal of 
area 8 and putamen 
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other extremities The head also, dimng feeding, could initiate a paroxysm 
Once begun, it always mcreased and then contmued sometimes gradually 
subsiding after 30 seconds or more, but more often lastmg as long as the 
movement When pronounced, it was sufficiently severe to prevent the ac- 
complishment of the act, or, if the animal was clmgmg or chmbmg, to shake 
it loose from its hold 

As can be seen from Fig 4 tremor always appeared immediately after 
operation irrespective of whether paresis was present or not, but durmg the 
next few weeks it always mcreased, to dimmish durmg the third or fourth 
week to a minimal tremor which was present durmg the re m ai nin g months of 
life Three nmmnls with such pronounced tremors were kept for a period of 
more than two years m order to observe any further changes None occurred 
2 Oscillographic records of tremor The character of the tremor was ex- 
ammed m twelve ammala by means of records taken with a Grass mk-wntmg 
oscillograph Electrodes were either inserted mto the muscle or fastened to 
the skm above The mvesbgation was earned only far enough to determme 
that when tremor occurred m a limb, it appeared m all groups of muscles of 
that hmb, that its rate for an mdividual animal was constant at 8-12 per sec 
and that it was paroxysmal, appearmg first m a few muscle bimdles, spread- 
mg rapidly to mvolve them aU, and then subsidmg m reverse order 

3 Effect of drugs One most mterestmg characteristic was the relation 
of tremor to emotion or fatigue A monkey showing moderate tremor 
might be sittmg normally m its cage and movmg without trace of tremor until 
shown an attractive bit of food, or threatened with capture The animal 
would then immediately begm to shake, and, m reachmg for the food, its 
abihty to complete the act without too much mterference from the tremor 
would be mversely proportional to the avidity of its desire Fear, rage and 
pleasure all create the same effect Fatigue m addition greatly accentuates 
this 

For this reason, the effect of various drugs on tremor was exammed m 
six monkeys As would be expected, adrenahn, ephedrme, and benzedrme 
aU mcrease it, but atropme and the chohnergic drug, doryl, defimtely di- 
mmish it Both ephedrme and adrenahn, m fact, given m large doses to the 
unoperated controls, caused a shght but similar tremor to appear tempo- 
rarily 

4 Electroencephalographic studies The effect on EEG of lesions of the 
basal gangha have been studied rather extensively and reported elsewhere 
(11a, 14). Bnefly, all evidence pomted to great mterdependence between the 
cortical and subcortical motor areas Lesions of basal gangha permanently 
and markedly altered the electrocorticogram, while complete decortication, 
m turn, changed the character of the EEG of both caudate or putamen' 
In a sigmficantly large number of cases, epilepsy, either clinical or subchmeal, 
appeared on the record after combmed cortical and subcortical lesions 

5 Effect of ablations elsewhere in central nervous system Ablation of area 
4 was found to ehmmate tremor from a previous injury to basal gangha for 
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shown m Fig 4 The most severe type (4 +), as mdicated m the figure by the 
height of the symbol, was that which was present at all times except durmg 
sleep or complete relaxation, and augmented durmg movement A less mtense 
degree of tremor (3+) occurred only durmg voluntary movement, shghtly 
less (2+), was that present only at times and especially durmg stress and 
movement The least severe grade (1 +) was that which appeared only occa- 
sionally, under stress and was confined to the extremity used Paresis was 
similarly charted m degrees of 1 to 4 plus 

The nme cases shown m Fig 4 were selected from groups havmg different 
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Fig 4 Degree of tremor following various bilateral ablations of basal gangba nuclei 
Black indicates tremor and bght columns paresis These are recorded in degrees fi^m 1 to 
4 plus Note that tremor is at times masked by paresis, but that tremor always reaches 
maximum at end of second week and then gradually decreases to a permanent minimum 

lesions and m these groups, because of the long term durmg which they hved 
after operation Amount of tremor and paresis has been mdicated only at 
mtervals m order to reduce the chart to comprehensible size From it can 
be gathered the relation of tremor to paresis and the duration and seventy 
of both S3rmptoms The left and nght side have been charted because, when 
bilateral ablations were made senatim, the mcreased paresis of the recently 
operated side affected the tremors 

The tremor had charactenstic frequency of about 8-12 per sec which 
was faster m the smaller animals than m the large It always began m the 
diHtnl portion of the hmb and spread, when at aU marked, to the body and 
























FUNCTION OF BASAL GANGLIA 139 

the only true chorea seen Following the second operation and as the paresis 
disappeared, a pronounced bilateral tremor became obvious, which lasted 
the remaimng months of its life 

The fourth and last chimpanzee was also permanently partially mca- 
pacitated foUowmg removal of the second area 6 and caudate Chorea m this 
aniTnnl lasted only two days but the tremor which appeared after the second 
operation was undimimshed for the remamder of life (3 months) and in- 
volved all four extremities as well as head Resistance to passive mampula- 
tion was so marked that the animal was almost ngid All movements were 
slow and accompamed by pronounced tremor, which as, m the monkeys, 
was exaggerated by emotion or fatigue In this animal, it was constantly 
present except durmg sleep No one could have doubted the resemblance of 
this preparation to that of a Parkinsoman human 

Discussion 

The signs and symptoms of destruction of the basal gangha which have 
appeared m the monkeys and chimpanzees of this senes are clearly those of 
mcoordmatxon of the more complex voluntary and mvoluntary movements 
This is to be expected from previous knowledge of the tremors, choreas and 
the like which are seen m man following affections of the same regions The 
direct functional relationship between the extrapyramidal motor cortical 
areas and the basal gangha has also been confirmed m monkeys and chim- 
panzees as it had been previously m man A third fact shown m earher chm- 
cal matenal has here been effectavely illustrated, namely that there must be 
at least two mechanisms actmg within the basal gangha complex For, where- 
as tremor occurred bilaterally and mvanably m both monkeys and chim- 
panzees after disturbances of basal gangha, choreoathetosis has been only 
contralateral and has appeared almost exclusively m the chimpanzees 

That clear-cut and endurmg Parkmsomsin or chorea could not be infalh- 
bly produced is disappomtmg It can be explamed m two ways First, it is 
possible that the other basal ganghar structures such as substantia mgra or 
corpus Luysi must also be mvolved to produce a permanent effect For, as 
the most pronounced tremor or chorea appeared only when the cortical level 
of the extrapyramidal system was mvolved together with basal gangha, so 
the addition of a part of the system at a lower level might cause stdl further 
changes 

A second and more probable reason, m the hght of the present mvestiga- 
tion, hes m a species difference Only transient choreiform movements ap- 
peared m macaques, they were defimtely more pronounced m the manga- 
beys, which have a larger more highly organized cortex, even more evident 
m the baboon and so pronounced as to be called true chorea m the chim- 
panzees, although, even here, the symptoms did not compare m seventy to 
those seen in man 

An mterestmg and significant anatormcal correlation of this species dif- 
ference has been recently discovered by Harman (9) Measuring the cubic 
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as long as paresis persisted When, with recovery, the limbs agam became 
used to any degree m voluntary movement the tremor reappeared 

Because of the mtunate relation between tremor and emotion the effects 
of bilateral ablation of the frontal association areas were studied Tremor 
was uninfluenced by this procedure Similarly bilateral removal of temporal 
lobes had no effect Two monkeys which had had unilateral ataxia as a result 
of section of the superior cerebellar peduncle had area 6 and caudate re- 
moved bilaterally Both ataxia and tremor were then present and clearly dis- 
tmguishable by the individual charactenstics 

Chimpanzees 

A study of the signs exhibited by the six chimpanzees which had lesions 
of basal gangha offers more sigmficant data than that from the monkeys, 
smce m every case both choreiform movements and tremor appeared In 
each the seventy of symptoms and their nature lay between that found m 
the monkeys and that seen m man Two experiments were mcomplete be- 
cause of the ammals’ ill health One of these had senatim ablation of frontal 
association areas, caudate and putamen FoUowmg the first operation remov- 
mg left areas 9-12 of cortex together with the head of caudate and much of 
the putamen there were mvoluntary irregular twitches of head and nght 
arm for about 48 hours There were then no signs of motor abnormahty 
whatsoever The second areas 9-12, caudate and putamen were then re- 
moved FoUowmg this there was agam a bnef penod of mvoluntary twitch- 
mg, but no paresis, and then a fine tremor which appeared about three days 
after operation and contmued tiU death two weeks later from diarrhea The 
second of these animals, fil before operation and chosen for experimental 
trial because of this, had area 6 and caudate removed from first one side and 
then the other FoUowmg the first procedure there were contralateral m- 
voluntary twitches of a few days’ duration It died immediately after the 
second 

Of the four animals with completely successful operations aU had bnef 
transient contralateral choreiform movements and more endurmg bilateral 
tremor The operation m each case was removal of area 6 together with the 
underlymg caudate head and m one instance, a part of the putamen The 
variation m degree and duration of symptoms was probably due largely to 
the variation m the boundaries of the cortical lesion For, one animal m 
which area 4 as weU as 6 was removed had such severe paresis that both 
chorea and tremor were masked Another havmg minimal symptomhad very 
smaU lesions both of cortex and caudate 

The third had the largest lesions of caudate and an additional lesion m 
each putamen together with removal of area 6 with an eight months mterval 
between operations After each there was true chorea — ^lastmg about a month 
m each instance — most severe m the arm, but mvolvmg head, and to a lesser 
extent, the leg on the side contralateral to the lesion The chorea was, m 
both instances, so severe as to prostrate the anim al for some days It was 
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caudate, as related to functions associated with mcrease of manual dexterity, 
face and eye movement m the higher forms 

This functionally and anatomically related pattern can then be used as a 
background for understanding the mechanism of choreoathetosis The in- 
cept of Bucy (3) of the neural mechanisms underlymg choreoathetosis (Fig 
5) can then he adopted with one modification Bucy imphcates both area 6 


6 4 Po C 



Fig 5 Diagram of pathways for mechanism of choreoathetosis After Bucy, 1942 

and the suppressor area of the cortex m the mechanism of choreoathetosis 
and postulates that mterference with suppression (i e , caudate) may mduce 
these symptoms The remamder of the circiut passmg from cortex to caudate 
IB via globus palhdus, thalamus and back to cortex If, however, area 6 is 
imphcated, and if the above mdications of localization withm the putamen 
are confirmed, this nucleus also must be mcluded in the circmt, which, when 
disturbed, produces choreoathetosis, and mdeed, it is possible that it is the 
pnmary area mvolved Smce the anatoimcal mterconnectioiis between cau- 
date and putamen are multiple this need not mterfere with the concept of 
Bucy concermng the part played by the suppressor areas m causmg choreo- 
athetosis 
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volume of the three nuclei of the basal gangha and companng them with 
cortex m a senes of primate forms from galago to man he has shown that with 
an actual mcrease m volume of the entire complex, there is a relatively great 
mcrease in the size of the putamen as compared with either caudate or globus 
palhdus 

Figures for 4 pnmate forms taken from his table m cubic millimeters are 



Globus palhdus 

Caudate 

Putamen 

Galago 

4 

21 

14 

Cercocebus 

190 

516 

567 

Chimpanzee 

317 

949 

1628 

Man 

2353 

6192 

7472 


Dusser de Barenne, Garol and McCulloch (5) by means of strychnimza- 
tion demonstrated that there are functional corticostnatal connections which 
directly hnk the cortical suppressor areas 4s and 8s with caudate, whereas 
areas 6 and 4 are directly connected to putamen * It is therefore not surpns- 
mg that m the forms m which concomitant with mcreased complexify of 
motor function an elaboration of cortical motor areas occurs, there is an 
enormous relative mcrease m the nuclei to which these areas send direct con- 
nections The greatest change between species occurs between monkeys and 
chimpanzees, and that between chimpanzees and man, both of which have 
relatively fine coordmation of dehcate motor acts such as prehension, there 
IS not so great a change It then becomes entirely possible that the complex 
mvoluntaiy movements of chorea can occur only with disorders of a system 
normally mtegratmg the complex postured background for such voluntary 
motor activities 

One further impression has been formulated durmg this mvestigation 
which fits well with the concept of the mechamsm behind choreoathetosis 
It wiU have been gathered from the presentation of experimental data that 
the relation of the basal gangha to spasticity is not clear, but that spasticity 
seemed augmented m combmed cortical and subcortical lesions, although 
absent when ablations were confined to basal gangha Further more, spas- 
ticity, deviation of the jaw and, m bdateral preparations, clenchmg of the 
jaw, occurred following mjury to cortex and caudate or putamen, but the 
most pronounced sjunptoms appeared foUowmg large lesions m putamen 
Choreoathetosis m every instance, affected arm and head, and to much less 
degree, the leg This is well known to be the case m man In addition it is 
known both from stimulation and ablation experiments that the functions 
of area 6 are concerned more with arm and head, than with leg, and that 
area 8 whose boundaries cannot always be defined hes adjacent to area 6 
It IS easy then to conceive of a large, extrapyramidal mtegrative system m- 
volvmg areas 8 and 6 of cortex and the underl3rmg putamen, possibly also 

• More r (8a) has found a large non-myehnated connectaon from the 

the suppres' and 8s to the hasal gangha 
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Even m the absence of direct corticostnatal connections there are enough 
elements m this pattern of activity to account for the functions of the basal 
gangha and even to explain them The earher view, based on the connections 
of the motor nuclei at lower levels (ignoring those with thalamus and hypo- 
thalamus), must however be discarded as fitting neither anatomical nor func- 
tional data 

This tremor which can be mduced whenever a sufficiently large number of 
cell bodies from the extrapyramidal system have been destroyed is bilateral 
and enormously affected by emotional stress There must then be present a 
motor system which has numerous mterconnections and which is directly m 
contact with both the thalamus, receivmg station for incommg sensation, 
and the hypothalamus, mtegrator of emotional reaction between somatic 
and autonomic nervous systems Smce the antenor, ventral thalamic con- 
nections to areas 4 and 6 are plentiful, the large pathways from thalamus 
to stnatum and back to thalamus are enough to serve m the mtegration of 
normal movement with few or no direct fibres to basal gangha from cortex 
Interruption of part of the system at any pomt rrnght then cause S 3 rmp- 
toms This could account for the tremor which appears foUowmg lesions re- 
stncted to thalamus which have been seen clmically If mterference with 
part of this system yields disorders of movement by disturbmg the balance 
of what remams, it should foUow that destruction of the whole system or 
blockage at some pomt of the entue circmt should fail to mduce such ^mp- 
toms This, m fact may be what occurs clmically when tremor or athetosis 
are diminished or stopped by cortical excisions (3) or by section of efferent 
from the globus palhdus (16) It may have occurred m the monkeys m two 
instances In each, the ammal had had extirpations from area 6 and caudate 
bilaterally and had recovered from the symptoms of spasticity and tremor 
BO that only a minimal degree of the latter remamed In each case subsequent 
removal of large parts of putamen and globus palhdus from each side re- 
sulted m the disappearance of tremor No such effect appeared however after 
bilateral section of what was supposedly all of the ansa lenticulans, for this 
resulted m marked tremor m the three mstances m which it was performed 
The tremor of the monkeys and chimpanzees had many of the character- 
istics of the Parkmsoman tremor of man Indeed, m the severe stages of 
postoperative motor disturbance both monkeys and chimpanzees closely re- 
sembled these humans Movements were slow, accompamed by a tremor, 
augmented by excitement And, when areas 8 and 6 were also extirpated, 
there were the fixed face and stooped posture which were undoubtedly added 
to the picture All degrees between this and a minimal amount of tremor m 
action could be seen dunng the stages of recovery of one monkey 

There is a type of tremor appeanng m man which is like that seen m the 
shght stages of the monkeys and chimpanzees It is occasionally observed m 
patients as a tremor unaccompamed with other symptoms, and has been 
related to disturbances of basal gangha It has recently been seen m marked 
form m a patient who at autopsy showed gross mfiltration of caudate and 
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Figure 6 IS a diagram representing the pathways which may underly the 
mechanism of tremor Recent anatomical work, notably by Ranson et al 
19, 20 has emphasized that numerous mterconnections exist between stna- 
atum and thalamus, discardmg the earher behef that the chief connections 
of the ansa lenticulans are with the spmal levels via the reticular substance 
With this m mmd, and because aU the tracts to and from the basal gangha 
are not as yet established beyond doubt (1, 17) it is possible at this pomt to 



Rg 6 Diagram of mechanism through which tremor, of basal ganghar 
origin, can be mediated See text 

select those which will fit mto the functional picture to add to those of cer- 
tam existence Anatomical facts which are certam are these The mtercon- 
nections between caudate, putamen and mtemal and external segments of 
the globus palhdus are extremely plentiful, there are numerous efferents 
from thalamus to all these nuclei, the bulk of fibres from the globus palhdus 
pass via the ansa lenticulans mto field H of Forel and thence to the antenor 
ventral thalamus 

Additional tracts cited by Ranson, but not by all other mvestigators, 
are a defimte, moderately large tract from globus palhdus to h3^othalamus, 
connections to corpus Luysi and substantia mgra There is considerable un- 
certamty about how the red nucleus connects to this system The cortico- 
stnatal fibres have never been defimtely established for although seen by 
Cajal (4) and others, they have not been found m many instances and must 
either be few or completely immyebnated The evidence from functional 
anatomy offered by Dusser de Barenne, Garol and McCulloch (5) seems in- 
disputable, as IS the more recent anatormcal evidences of Glees (8a) 
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putamen of both sides with tumor metastases It is closely similar to the 
tremor encountered at some tune m all "normal” mdividuals, a tremor 
which, absent under ordmary circumstances, appears suddenly during or 
after stram The novice surgeon cuttmg threads for the first time, the "high- 
strung” mdivtdual who, after some crisis is well over, for rmnutes will shake 
uncontrollably — these are common examples This is the type of tremor 
which appears much more readily m the old even when "normd ” Its occur- 
rance to any marked degree m these mdividuals leads to a diagnosis of 
artenosclerotic changes of the basal gangha In its extreme degree it becomes 
artenosclerotic Parlmisonism 

From the evidence presented here, it is thus possible to postulate an ana- 
tomical and functional system mtegratmg the normal background of postu- 
ral adjustments accompanjnng purposeful voluntary movements, and that 
mterference with such a mechamsm results m choreoathetosis of tremor The 
recent analyses of others, especially of Bucy and Ranson, fit closely with this 
concept 

The question of the relation of posture and of spasticity to the basal 
gangha is not as clear and will require further investigation It has never 
been known by what anatormcal stmctures the reflexes are mtegrated which 
are responsible for the difference m posture between decerebrate and de- 
corticate animals Some hght can be thrown on this matter from present 
observations First, as stated above, neither bilateral nor unilateral removal 
of any parts of the basal gangha caused any change m posture or motor be- 
havior, but the addition of ^e basal gangha to ablations from area 6 fre- 
quently caused a resistance to passive mampulation which was beyond that 
seen from purely cortical lesions Bilateral extirpation of areas 6 and 8 to- 
gether with caudate and putamen caused enduring and pronounced spastic- 
ity or ngidity, which, m one animal, has been mamtamed unchanged for more 
than a year together with tremor This would not be the case followmg a 
purely cortical ablation of area 6 

Second, when all of the frontal cortex together with basal gangha is re- 
moved bilaterally as m two animals, they did not display the same posture 
or behavior as the controls operated upon at the same time and from which 
only frontal cortex had been removed Those animals with destruction of 
ba^ gangha as well as cortex moved less than the controls The pattern of 
then movement was less complex Then posture also differed Retraction of 
the head, and extreme flexion of the wrists occurred which are not character- 
istic of decorticate monkeys The same picture appeared several other tunes 
followmg second or thud operations on monkeys for the purpose of deter- 
minmg the effects of seriatim removal of basal gangha nuclei (Fig 7) These 
gmmniR had the reflex grasp and postural adjustments to change of position 
m space of the decorticate animal, although then restmg posture was differ- 
ent They had some of the elements of the extensor posture of a decerebrate 
monkey, but the same wnst and finger posture The basal gangha prepara- 
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3 Tremor followed the same lesion m chimpanzees and m smular lesions 
m monkeys It was an action tremor, absent durmg complete rest, but pres- 
ent durmg the mamtenance of posture or during movement It was always 
marked at the begmmng of voluntary movement and was accentuated by 
emotional stress and fatigue, and was bilateral, appearing whenever a suflB- 
cient amount of tissue withm the circmt had been damaged 

4 The mechamsms mvolved m choreoathetosis and tremor predicate 
two systems not greatly influencmg each other, which exist withm the basal 
ganglia They cannot be geographically distmguished 

5 Anatomical and physiological evidence mdicates that the cortical 
areas 6, 8 and 4s are cormected with the basal gangha and that these nuclei 
are also directly influenced by thalamus and hypothalamus 

6 The relation of spasticity or rigidity to the basal gangha has not been 
made clear by this mvestigation But although isolated lesions of basal gan- 
gha do not change resistance to passive mampulation, corticosubcortical le- 
sions seem to mcrease resistance over that encountered following pure corti- 
cal ablations Some differences m posture also appear when basal gangha 
are removed m addition to decortication, as compared to the posture of a 
pure decorticate preparation 

7 There is a marked difference between the effects of lesions m monkeys 
and chimpanzees and this is probably true for man also The difference can 
be associated with anatomic^ changes m the putamen and extrapyramidal 
cerebral cortex It is concomitant with the development of skflled use of the 
hands 
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tions exhibit more variety and complexity of spontaneous movement than 
the decrebrate, although less than the decorticate 

The evidence thus pomts to the basal gangha as imphcated m the mam- 
tenance of posture and of resistance to passive mampulataon It is of addi- 
tional mterest that both spasticity and ngidity m man are greatly influenced 
by emotion and fatigue The mterconnections of thalamus, hypothalamus, 
basal gangha and cortex could therefore once agam serve as background for 
a disturbance which is also one of mtegration of complex postural adjust- 
ments and well known to be related to area 6 

The question of differentiation of function of the three basal gangha nu- 
clei was considered throughout this mvestigation No evidence of functional 
locahzation has been found Smce the caudate and putamen are structurally 
one umt and smce there are multiple connections between all three nuclei 
it IS not surpnsmg that functional differences have not been disclosed The 
dual mechamsms for tremor and for choreoathetosis cannot apparently be 
geographically separated m monkeys and chimpanzees In the hght of the 
confusion of data from previous chmcal reports and the large amount of 
effort put mto attempted differentiation, it is perhaps not an over-simphfica- 
tion of facts to suggest that m man also the three nuclei act together as 
a umtary complex 

Addendum 

Smce this manuscnpt was completed, the extensive work of Mettler on 
the effects of unilateral ablations from cortex and basal gangha has been 
published (14a) The description of functions found after the various abla- 
tions agrees almost completely with that published here and elsewhere (Ken- 
nard, lib) In particular, the mcrease m resistance to passive mampulation 
observed when basal gangha are added to cortical extirpations has been con- 
firmed, as has the transient appearance of jerkmg, choreifonn movements for 
a few hours or days after operation The careful analysis of the degeneration 
foUowmg such lesions adds greatly to the value of the physiological observa- 
tions Although no such histolo^cal mvestigations have been earned out m 
the present instance, our cases also, foUowmg cortical ablation, showed a de- 
crease m the size of the imderlymg basal gangha Some retrograde degenera- 
tive changes were also seen m the cells of both caudate and putamen of such 
cases 

Summary 

1 Lesions of one or more of the nuclear complexes of the basal gangha 
of monkeys or chimpanzees produce disorders of movement which are sim- 
ilar to the choreoathetosis and tremor seen m man foUowmg lesions of the 
same regions 

2 Irregular, mvoluntaiy, jerkmg choreiform movements appeared only 
to any degree m chimpanzees but occurred m shght form m the monkeys 
also They were always contralateral to the ablation, affected arm and head 
more than leg, and were transient 
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THE HIND BRAIN AND THE EARLY DEVELOP- 
MENT OF BEHAVIOR IN FROGS 
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The reflex response of a frog tadpole to a tactile stimulus applied to its 
tail or tail bud changes m nature and duration with development The re- 
sponse consists of lateral bendmg of the head and body at the flexure stage, 
whereas it is a short period of swimmmg at and after the stage of translatory 
movements (13) These ontogenetic changes m the nature of the tactile 
reflex appear to be due to changes m mechanisms withm the spmal cord 
smce transection of the cervical cord does not prevent a tadpole from de- 
velopmg to the stage of translatoiy movements Transection of the cervical 
cord does, however, alter the duration of the reflex response The object of 
the experiments reported here was to determme the region or regions of the 
bram responsible for the alteration m the duration of the reflex response and 
the stage m development at which they first became functional 

MATERIAtS AND METHODS 

The experiments were earned out on tadpoles of the frog Rana limnocharie The eggs 
were collected m near-by ponds and hatched m the laboratory The larvae were fed with 
algae and cooked hver 

To ehcit the tactile reflex a human hair sealed with wax into the tapered end of a 
glass tube with about 1 cm protruding was used as a stimulator A hght stroke with the hair 
on the tail bud or tail of the tadpole was the stimulus The duration of the reflex response 
la , the mterval between the appbcation of the stimulus and the cessation of the reflex 
response — ^was measured wth a stop watch, which can be read to 0 2 sec 

In preparation for operation the embryos were shelled out of the egg mto water, which 
had been previously boiled and cooled to room temperature, to which alcohol suflScient to 
make it a 2 per cent solution had been added Larvae were washed for at least 15 minutes 
m the alcohol-water mixture The actual operation was earned out on a sterile shde with a 
sterile imdectomy knife After the operation, the tadpole was placed m sterile 0 2 per cent 
sahne solution for 1 or 2 hours and then transferred to boiled water cooled to room tem- 
perature The mortahty was less than 1 per cent The operations performed mcluded 
decapitation, transection of the neural axis at different levels caudal to the hmd bram and 
the removal of one ear vesicle 

In a second senes of experiments parabiotic twins were formed after the method of 
Spemann (11), one of the pair was a decapitate embryo, the other a normal controL Instead 
of the glass capillary tubes suggested by Spemann we made use of the surface tension of the 
0 2 per cent s^ne solution to hold the embryos together and m place This change m the 
method required that the tadpoles be kept in a moist atmosphere to prevent them and the 
water film fixim drying 

A third senes of tadpoles was treated by immersion m a 1 5,000 (3 X10“’ molar) solu- 
tion of KCN This concentration was demonstrated by pre liminary experiments to have 
no local action on the skin of tadpioles immersed m the solution Observations were made 
upon the spontaneous activity of normal, decerebrate, spinal and decapitated tadpoles, 
before and after immersion in the cyanide solution as well as upon the duration of the re- 
flex response to tactile stimulation To estimate the amount of spontaneous activity we 
were obliged to u^ a very primitive method i e , to observe and count the number of times 
a group of tadpole mov ed in a fixed period of tune in the absence of external stimuh No 
attention was paid to the duration of the mov ement The observation time was GO mmutes 
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10 times immediately after it was shelled out and followmg each 0 5 mm 
mcrease (approximately) m length thereafter untd it was 6 mm long 

The duration of the response is long and variable in the 3 mm embryos 
(190-2 5 sec ) It decreases m length and range of variation as the body 
length mcreases from 3 to 4 5 mm In embryos between 4 5 and 6 0 mm long 
it averages 1 5 seconds with httle deviation from the mean (Fig 1) Statmg 
these results m terms of behavioral development instead of body length the 
reflex duration to tactile stimulation is short and fairly constant at the stage 
of translatory movements (at hatchmg) and remams so up to the commence- 
ment of feedmg 

2 On decapitate embryos In one senes the tadpoles were decapitated at 
the level of the giUs — as a means of sevenng the cervical cord— m the non- 
motile stage Thereafter their response to the tactile stimulus was tested at 
regular mtervals untd the time at which their controls were capable of mam- 
tammg normal spatial onentation whde at rest or m motion This operation- 
severance of the cord — did not alter the character of the tactde reflex dunng 
development 

To determme the effects of cord transection upon the duration of the 
reflex response it was necessary to kmit the observations to acute expen- 
ments because decapitate tadpoles usually show signs of detenoration on 
the second postoperative day The reflex duration was compared before and 
after decapitation m each mdividual Four senes, consistmg of 28 embryos 
each, from the same clutch were studied They were tested in fours at each 
0 5 mm mcrease m body length between 3 0 and 6 0 mm Each tadpole was 
tested ten tunes before and agam ten tunes 2 hours after decapitation The 


Table 1 The effect of transection of the cervical cord on the duration of the tactile reflex in 
embryos and larvae of different body-lengths 



Spinal 



Body-length 




Senes , 

tran- 
section j 

2 6-3 0 
mm 

' 3 1-3 5 

mm 

1 3 6-4 0 j 

mm ' 

4 1-4 5 ' 4 
mm 1 

[ 6-5 0 1 
mm 

1 5 1-5 5 

1 mm , 

5 6-6 0 

mm 

7/7 j 

Before i 
After 1 

3 3' 

2 8' 

2 8' 

5 6' 

j 2 7' 

1 46 1' j 

2 2' 1 
32 8' 1 

2 0' j 

42 5' 

1 6' 1 
i 21 6' j 

1 6' 

42 9' 

7/9 

Before i 
After 1 

7 3' 

9 8' 

i 6 6' 

' 40 5' 

1 2 4' 1 

44 9' i 

2 2' 1 
32 4' 1 

j 

1 8' 
72 9' 

' 5 4'! 

2 3' 

1 4 5' 

7/17 

Before 

After 

1 

5 6' 
11 1' 

9 4' 
19 4' 

; 5 0' 

; 19 4' 1 

2 0' 1 
11 3' j 

1 4' 

9 2' 

1 

1 4' 

I 9 5' 

1 — 

7/21 

Before 
After I 

8 2' 

8 1' 

4 1' 

5 2' 

' 1 8' 

' 9 5' 

1 1' j 

11 5' ' 

1 1' 
39 7' 

i 12' 

‘ 6 2' 

1 1 2' 

1 11 9' 

Total 
a\ erages 

Before 
j After 

6 1' 

8 0' 

5 7' 

1 17 7’ 

' 3 0' 

1 30 0' 

1 

19', 

1 22 0' 1 

1 6' 
41 1' 

1 10 7' 

i 

1 7' 
i 19 8' 

Ratio (after before) 

1 1 3 1 

1 3 1 1 

j 10 0 1 

11 6 1 I 

25 7 1 

[761 

1 11 6 1 
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before the cyanide treatment, 16 minutes after it Beyond this 15-minute penod the spinal 
cord was itself aflFected All of the experiments were earned out at room temperature i e , 
between 25 and SS'C (mean ca 30°C ) 


Results 

1 On normal embryos In addition to the qualitative changes in the 
tactile reflex desenbed earher (13) there is a change in the duration of the 
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1 Showmg the change m the duration of the tactile reflex with 
development in the tadpoles of Rana limnocharis 


response To correlate this change in duration with the development of the 
tadpoles two senes of experiments were performed In each senes 8 embryos 
ca 3 mm long were used from the same clutch Each embryo was tested 
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tadpoles with the cemcal transection show the marked increase m the dura- 
tion of the reflex response, but m those with the dorsal cord transection the 
duration is not lengthened The spmal mechanism for rhythmic reaction to 
a smgle stimulus of short duration appears to be plunsegmental, and the 
rostral segments seem to play an important role m the contmuation of the 
response 

4 On a decapitate tadpole in parabiosis with a normal To detemune 
whether or not the release of the spinal centers — as illustrated by their re- 
sponse to a tactile stimulus is permanent — decapitate tadpoles were jomed 
parabioticaUy to normal controls of the same age and clutch, smce they can- 
not be fed Of 20 parr of tadpoles so prepared two survived up to metamor- 
phosis For the first four days after the operation the decapitate tadpole 
always had a reflex duration 2 to 10 times longer than that of its control 
partner. Thereafter the duration is about twice that of the normal, which is 
rather less than that of the response m correspondmg acute experiments The 
reasons for this difference remam to be discovered 

Near metamorphosis, the fully developed hind hmbs of the decapitate 
twm assume a posture entuely different from that of the normal The normal 
twm keeps the hmd legs closely flexed to the sides of the body, whereas the 
legs of the decapitate twm are fuUy extended The reflex threshold for the 
hmd legs is much higher m the norr^ twm than m the decapitated one The 
response to tactile stimulation also differs in the twms A touch on the toe 
of the decapitate twm ehats simultaneous flexion of the ipsilateral hmd leg 
and extension of the contralateral, this reaction is followed by flexion of the 
contralateral and simultaneous extension of the ipsilateral hmd leg Alter- 
nate responses of this character which correspond to stepping m &e adult 
frog — are repeated 3 or 4 times In the normal twm, the same type of stimu- 
lus evokes but one response' a powerful, rapid, caudal thrust of both hmd 
legs — a fragment of the normal swimmmg steoke m the adult frog It is evi- 
dent that the duration of the mduced reflex is longer m the decapitate than 
m the control twm 

5 On decerebrate tadpoles and those with the hind brain transected at the 
level of the ear vesicles In these experiments the average duration of the re- 
sponse to the tactile stimulus was compared m normal, decerebrate, and 
spmal tadpoles In aU, four senes of experiments were earned out In each 
senes, 32 embryos from the same clutch were divided mto 4 groups Group 1, 
served as a control, mdividuals m groups 2, 3 and 4 were respectively de- 
cerebrated, rendered bulbospmal by transection of the hmd bram at the level 
of the ear vesicles and, spmal by section of the cervical cord All operations 
were performed at the flexure stage 

About 24 hours after the operation the response to the tactile stimulus of 
half of each group was tested 10 times, the other half was tested the foUow- 
mg day (except m one senes, m which all tadpoles were exammed on the 
third day foUowmg the operation) The average reflex duration was 1 4 sec 
m the normal ammals (Group 1), 1 8 sec for the decerebrate (Group 2), 7 4 
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results are summanzed in Table 1 In 3 mm embryos the duration is not 
altered by decapitation, there is some increase in duration at 3 5 mm but an 
enormous increase follows decapitation in all tadpoles longer than 4 mm In 
one extreme case the response lasted 198 7 seconds, whereas the control 
response contmued but 1 8 The results demonstrate quite clearly that the 
gradual decrease m duration of the response which occurs as development 
advances in normal tadpoles is due to influences emanatmg from the higher 
centers of the brain to the spinal cord 

3 On larvae with the body transected at the level of the 5th myotome The 
results descnbed above demonstrate that the spmal cord possesses a capacity 


Table 2 Showing the difference in the effects of cervical cord transection and of low dorsal 

cord transection 


Number of 

1 Body-length 

Operation 

) Cervical cord 

Low dorsal cord 

experiment 

1 transection 

transection 

1 

4 0 mm 

Before 

2 7' 

2 0' 



After 

19 9' 

2 0' 

2 

4 2 mm 

Before 

2 0' 

2 3' 



After 

26 3' 

1 2' 

3 

4 0 mm 

Before 

3 2' 

1 9' 


1 

After 

20 6' 

2 0' 

4 

4 2 mm 

1 Before 

1 9' 

1 7' 



I After 

36 9' 

2 8' 

6 

1 4 0 mm 

1 Before 

1 1 6' 

00 



After 

17 6' 

1 4' 

6 

4 4 mm 

Before 

1 5' 

1 6' 



After 

14 1' 

3 1' 

Total averages 

Before 

2 2" 

1 9' 



After 

22 6' 

2 1' 

Ratio (after before) 


10 3 1 

111 


to respond rhythmically to a smgle stimulus To determme whether or not 
this capacity resides m a segmental or plunsegmental mechanism the follow- 
mg experiments were performed In each of 6 experiments, 8 tadpoles of 
about the same size and from the same clutch were placed m mdividual 
dishes Each tadpole was tested 10 times with the tactile stimulus Folio wmg 
the test 4 tadpoles were decapitated at the gills, the bodies of the other four 
were transected at the level of the 6th myotome The operations were earned 
out imder a dissectmg microscope 

In 2 experiments 4 hours passed between the operation and the time the 
tadpole was retested 10 times (2 hours were allowed to pass m the remainmg 
4 experiments before the testmg) The data are summanzed m Table 2 The 
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poles described above led us to suspect that normal individuals 4 to 6 nun 
exhibited less spontaneous activity than spiral ones To test this suspicion 
and to obtain corroborating evidence for our conclusions based on the tactile 
reflex, 4 senes of studies on the spontaneous activity of normal, decerebrate, 
spinal, and decapitate tadpoles, both before and after cyanide poisomng were 
earned out The procedures were similar to those outhned above except the 


Tabic 3 Showing the effects of KCN poisoning on embryos and larvae of different 

body -lengths 


Body-length 


Senes 

1 

KCN ' 
poisoning ^ 

3 1-3 5 
mm 

3 6-4 0 
mm 

4 1-4 5 ■ 

mm 1 
1 

4 6-5 0 

TT>TT> 

161-55 

1 mm 

5 6-6 0 
mm 
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, 2 0' 

Total a\ - 

Before 

3 5' 

1 2 0' 

1 1 7' 

1 ^ 3' 

1 2' 

1 1' 

erages 

1 After 

4 4' 

4 1' 

2 7' 

2 2' 

2 4' 

2 1' 

Ratio (after before) 

1 1 3 1 

2 0 1 

16 1 

1 1 7 1 

2 0 1 

19 1 


spontaneous activity was tested instead of the duration of the reflex response 
to tactile stimulation 

In each experiment, the spontaneous activity of all 4 groups (4 tadpoles 
m each) was observed and recorded for 1 hour The tadpoles were then 
placed m a 1 5,000 solution of KCN The spontaneous activity was then 
recorded for the 15 minutes immediately followmg their immersion m the 
KCN The total averages of the experiments are presented in Table 5 

Before the immersion m the cyanide, the normal and decerebrate are less 
active spontaneously than the spmal and decapitate tadpoles After cyamde 
poisomng the normal and decerebrate mdividuals become far more active 
than the spmal and decapitate ones The data lead therefore to the foUowmg 
conclusion the spmal neurons m tadpoles 4 to 6 mm long are constantly 
i^bited by impulses from the hmd bram When the cord is released from 
the control of the rhombencephahe centers either by section m the cervical 
region or immersion in cyamde, an mcrease m the spontaneous activity re- 
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resxilts are summarized m Table 1 In 3 mm embryos the duration is not 
altered by decapitation, there is some mcrease in duration at 3 5 mm but an 
enormous increase follows decapitation in all tadpoles longer than 4 mm In 
one extreme case the response lasted 198 7 seconds, whereas the control 
response contmued but 1 8 The results demonstrate quite clearly that the 
gradual decrease m duration of the response which occurs as development 
advances in normal tadpoles is due to influences emanatmg from the higher 
centers of the bram to the spmal cord 

3 On larvae with the body transected at the level of the 5th myotome The 
results described above demonstrate that the spmal cord possesses a capacity 


Table 2 Showing the difference in the effects of cervical cord transection and of low dorsal 

cord transection 


Number of 

Body-length 

1 

Operation 

1 Cervical cord 

Low dorsal cord 

experiment 

1 transection 

transection 

1 

4 0 mm 

Before 

2 7' 

2 0' 

1 


After 

19 9' 

2 0' 

2 

4 2 mm 

Before 

2 0' 

2 3' 

1 


After 

26 3' 

1 2' 

3 

4 0 mm 

Before 

3 2' 

1 9' 

1 


After 

20 6' 

2 0' 


4 2 mm 

Before 

1 9' 

1 7' 



After 

36 9' 

2 8’ 

6 1 

4 0 mm 

Before 

1 6' 

1 8' 

1 


1 After 

17 6' 

1 4' 

6 1 

4 4 Trim 

Before 

1 5' 

1 5' 

1 


After 

14 1' 

3 1' 

Total averages 

Before 

2 2' 

1 9’ 



After 

22 6' 

2 1' 

Ratio (after before) 


10 3 1 

111 


to respond rh3rthimcally to a smgle stimulus To detemune whether or not 
this capacity resides m a segmental or plunsegmental mechanism the foUow- 
mg experiments were performed In each of 6 experiments, 8 tadpoles of 
about the same size and from the same clutch were placed m mdividual 
dishes Each tadpole was tested 10 times with the tactile stimulus FoUowmg 
the test 4 tadpoles were decapitated at the gills, the bodies of the other four 
were transected at the level of the 5th myotome The operations were earned 
out under a dissectmg imcroscope 

In 2 experiments 4 hours passed between the operation and the time the 
tadpole was retested 10 times (2 hours were allowed to pass m the remainmg 
4 experiments before the testmg) The data are summarized m Table 2 The 
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However, we must not overlook the fact that the larval or fetal spmal 
cord has a simple structure at the early stages In the spinal cord of the 
adult frog, especially m that of the adult mammal, there are mtra-spmal 
inhibitory mechamsms The work of Fulton, Liddell and Rioch (5), and the 
recent eiqpenments of van Harreveld (12) all tend to show that the phenome- 
non of "spmal shock” is due to such mtra-spmal inhibitory mechamsms 
The inhibitory influence of the hmd bram over the spmal neurons matures 
long before its excitatory action on the same neurons, and even before its 
segmental motor functions As demonstrated by our experiments, m the m- 
hibitory control by the hmd bram over the spmal cord is exerased m the 
embryo of Rana limnocharis at a body-length of about 4 mm The most 
important excitatory control of the hmd bram as a suprasegmental appa- 
ratus over the spmal cord is the action of the vestibular nuclei on posture 
and movement In 3 expenments each with 10 embryos, we extirpated one 
ear vesicle at approximately the non-motile stage, and observed at which 
body-length they began to show symptoms of unilateral labyrmthectomy 
Such symptoms always appear at 5 0 to 5 5 mm Breathmg through the 
mtemal gdls and feeding — 2 motor functions mvolvmg the participation of 
the segmental apparatus of the hmd bram — occur in the tadpoles of Rana 
limnodharis respectively at 5 5 to 6 0 mm and 6 0 to 6 5 mm 

Accordmg to Barron’s (2) summary of his conjomt work with Barcroft 
on the behavioral development m the sheep, the fetal respiratory movements 
are inhibited by the mid-bram from the 40th day after msemmation, and 
general body movements by the basal gangha from the 56th day onward 
Around the 40th day, the nghtmg reflexes which are controlled by the mid- 
bram, certainly have not reached full development m the sheep fetus The 
basal gangha also are not sufliciently mature to assume excitatory action 
on the spmal neurons m the fetal life Even the new-born sheep cannot 
regulate its body temperature — a function under the control of the basal 
gangha 

Smce the frog and the sheep are widely separated m the phylogenetic 
scale, it 18 remarkable that, m both the frog tadpole and the sheep fetus, 
the inhibitory action of a higher motor center on the spmal cord precedes 
m maturation its excitatory action It may be well asked Is this a general 
rule m the development of the central nervous system of aU vertebrates'^ 
It IS an important question worth further mquiry 

As to the exact location of the ongm of the inhibitory unpuLses from the 
hmdbram, we are mchned to the view that it hes m the vestibular nuclei 
Fulton, Liddell and Rioch (5) have demonstrated that the knee jerks of the 
cat become prolonged m duration after section of the ventrolateral column 
and also after destruction of the vestibular nuclei However, Hemck (7) 
has not found it possible to define m the larval hmd bram of Amblystoma 
any nuclei exclusively related to the afferent fibers from the labyrmth In 
his classic mvestigations on the correlation of the development of the cen- 
tral nemal axis with that of behavior m Amblystoma, Coghill (4) does not 
explicitly describe the growth of the nuclei of the eighth cramal nerve Our 
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sec for the bulbospinal (Group 3) and 9 3 sec for the spinal tadpoles (Group 
4) Clearly, groups 1 and 2 are charactenzed by a short response, groups 3 
and 4 by a much longer one In other words the duration of the tactile 
reflex is not affected by decerebration whereas it is lengthened markedly by 
transection of the neuraxis at the level of the ear vesicles and by section of 
the cervical cord The centers exercismg the inhibitory effect upon the spmal 
neurons appear, therefore, to be m the rostral half of the hind brain 

6 After cyanide treatment in normal tadpoles Cyamde poisoning produces 
(see appendix) the same effect on the developmg as on the adult nervous sys- 
tem It suppresses the function of nerve cells and fibers, and m the develop- 
mg nervous system the last elements to mature are the first to succumb For 
example, in a 6 mm larva, the functions of the midbram, the hmd brain, and 
the spmal cord are abohshed m that order, the opposite to that m which their 
functions are established m development 

In 5 senes of expenments, we attempted to poison with KCN tadpoles 
of different body lengths and to observe the effect on the duration of the 
tactile reflex In each senes 24 embryos of approximately the same length 
from the same clutch, were equally divided mto 6 groups In one senes only 
16 were used They were divided mto 4 groups The six groups were tested 
respectively at the foUowmg body lengths 3 5, 4 0, 4 5, and 5 0, 5 5 and 6 0 
mm The response of each subject was tested 10 times before it was trans- 
ferred to an mdividual dish containmg a 3 X10“’ molar solution of KCN and 
agam 5 times immediately after the transfer There was no significant change 
m the reflex duration of the embryos shorter than 4 mm , but a defimte, 
though shght, lengthemng m all tadpoles longer than 4 mm 

7 After cyanide treatment in normal, decerebrate, decapitate and spinal 
tadpoles The effects of cyamde poisonmg on the duration of the tactde re- 
flex was studied m 4 senes of experiments, m normal, decerebrate, decapitate 
and spmal tadpoles In each senes 64 embryos of approximately the same 
size and from the same clutch were divided mto 4 equal groups The m- 
dividuals m group 1 were normal controls, group 2, decerebrate, in group 3 
the spmal cord was transected m the cervical region, and those m group 4 
were decapitated The 16 tadpoles of each group were tested, four at one 
time, at 4 different body lengths (of the normal control) i e , 4 1-4 5 mm , 
4 6-5 0 mm , 6 1-5 6 mm , 5 6 to 6 0 mm , 6 1-6 5 mm The tests were made 
and the KCN was administered as descnbed above The mdividual results 
of the senes are collected m Table 3 

The animals used m the expenments descnbed m section 5 were also 
treated with a 1 6,000 aqueous solution of KCN after 10 observations had 
been made on their reflex duration Immediately after immersion m the 
KCN solution they were agam tested 5 times There was a shght but defimte 
prolongation of the reflex response m normal and decerebrate animals after 
immersion m the KCN but no such lengthemng m the low decerebrate, 
spmal and decapitate ones 

8 Observations on spontaneous activity Casual observations on the tad- 
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The symptoms of paralysis appear a bttle later These sjmaptoms ^th the age 
of the pomoned tadpole A 6 mm larva first becomes unable to right itself, foUowi^ thw. 
It loses the control over the direction of sanmming, soon it is unable to swim reactog to 
tactile stimulation by repeated lateral flexions of the tail, and the last j^ction lost is ^teral 
flexion of Its tail in response to gentle pressure apphed on its head The oidy sj-mptom of 
cvamde poisoning m an embryo m the late flexure stage is the gradual decr^ in the 
number of times lateral bending of the head is repeated in response to tactfle stimulation, 
then it reacts only to gentle pressure apphed on its head, and finally it ceases to respond to 
any stimulation 



Fig 2 Showing the variation m the resistance to treatment with cyamde 
with growth in the tadpoles of Rana hmnochans 


To summarize, cyamde suppresses the functional activity of the developmg as well as 
of the adult nervous system m the frog With the developmg nervous systeni, the last 
structure to mature is the first to succumb to cyamde 

2 The variation in susceptibility to cyanide with growth in tadpoles The younger an 
embryo, the less susceptible it is to poisons and drugs (9) Howev er, the actual course of 
variation in susceptibility to cyamde with age m firog tadpoles is not known. 

In order to trace the ch^ges m susceptibihty with growth, it is necessary to have a 
standard of measurement For simphcity, we measured, instead of susceptibihty, its re- 
ciprocal, the resistance of tadpoles to cyamde poisomng As a standard of measurement, we 
adopted the time mterval from the moment of immersion of the tadpole m the KCN solu- 
tion to the moment when it fails to respond to repeated tactile stimulation but still reacts 
with a lateral flenon of the body to gentle pressure apphed on the head We shall call this 
time mterv al the resistance time 


In 4 senes of experiments, we measured the variation m the resistance time from the 
^y-len^h of 3 mm to that of 10 mm Each senes of experiments was earned out with 
tadpoles from the same batch of eggs At each test, 8 tadpoles of the same size were used 
and they were given the tactile reflex test once per mmute The duration of reflex was not 
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suits The increase in activity is less after spinal transection than after 
cyanide poisoning The reasons for this difference are not known 

Discussion 

Between hatching and the commencement of feedmg, frog tadpoles re- 
main relatively mactive and react to external stimulation with but a bnef 
response Either hangmg from the surface of water or lymg on the bottom 
of a pond, they appear as if they were mert matenals Tlus mertness lessens 
to a great extent their chance of bemg detected and preyed upon by their 
enemies, and has, therefore, a great survival value for such utterly defence- 
less, small creatures as tadpoles The experiments reported in precedmg 
pages shed some hght upon the physiological mechamsms responsible for 
this mactivity 

A spmal mechanism for repeated reactions to a smgle brief stimulation 
IS the first to mature m the frog embryo This accounts for the long duration 
of the tactile reflex observed m embryos about 3 mm long A httle later, 
there develops m the rostral half of ^e hmd bram a center which mbibits 
the spmal mechanism This rhombencephahc center appears to send inhibi- 
tory impulses to the spmal neurons, thereby reducing the spontaneous ac- 
tivity and hmitmg the reaction to external stimulation to a short response 
from the time of hatchmg to the commencement of feedmg 

A spmal mechanism for repeated reaction to external stimuh of short 
duration appears to be present m mammahan fetuses, and it may persist 
in their adult hfe Barcroft and Barron (1) noticed that sheep fetuses with 
the cervical cord transected are spontaneously more active than normal 
fetuses, of the same age They state the reflexes of such fetuses "In contrast 
to the mertness of a normal fetus of 70 days, flexion reflexes with afterdis- 
charges were present m both fore and hmd legs” (itahcs bemg ours) The 
fetus of the sheep with a cervical cord transection, hke the beheaded frog 
tadpole, exhibits considerable spontaneous activity, and reacts to a bnef 
external stimulus with a long tram of repeated responses It is a well estab- 
lished fact that all adult mammals exhibit flexor spasms of the hmd legs to 
any stimulation, when they completely recover from the total division of 
the dorsal cord The flexor spasms, of course, considerably outlast the stimu- 
lus Spontaneous flexor spasms also are frequently observed 

As to the details of the spmal mechanism for repeated reactions to a 
bnef stimulation, we must confess that httle is defimtely known The mecha- 
nism may be partly extra-spmal each repeated response is evoked by the 
propnoceptive impulses set up m the muscles by its precedmg response 
The mechanism may be wholly mtraspmal One may assume, as Kubie (8) 
has m the bram, the existence m the spmal cord of a closed circmt m which 
nerve impulses can travel round and round The collaterals from the spmal 
motoneurones to the floor plate, as descnbed by CoghiU (4) m the bram of 
the larval Amblystoma, may be the possible branches which form the as- 
sumed closed circmt But there are at present no expenmental facts sup- 
portmg either of the conjectures expressed above 
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The celiac and other prevertebral gangba (2, 3) differ structurally from 
the sympathetic trunk gangha at least to the extent that not all the axons 
whose terminal branches arborize among the ganghon cells undergo degen- 
eration foUowmg section of the preganghomc fibers of spmal ongm. Some 
of the data also support the assumption that section of mesentenc nerves 
does not result m degeneration of all their constituent fibers distal to the 
section The fibers which re main viable in the distal segments of these 
nerves, followmg section, have been mterpreted as fibers of enteric origin 
which extend mto the prevertebral gangha The results of experimental 
studies (3, 4) also support the assumption that enteric stimulation or direct 
stimulation of mesentenc nerves may elicit reflex responses through the de- 
centrahzed infenor mesentenc and cebac gangba 

Certam mvestigators have failed to obtam reflex responses through pre- 
vertebral gangba followmg section of them preganghomc fibers of spinal 
ongm and have questioned the vabdity of our findmgs On the basis of ex- 
penmental findmgs m unanesthetized dogs, Youmans, Karstens and Aumann 
(6) concluded that mtestino-mtestmal inlubitory reflexes are not mediated 
through the decentralized cebac or other prevertebral gangba even though 
the mesentenc nerves distal to these gangha remam mtact On the basis of 
experiments carried out on cats, Freund and Sheehan (1) concluded that 
the mtestmo-mtestmal inhibitory reflex is abolished by removal of both 
S3rmpathetic trunks from above the stellate ganghon to the brim of the pel- 
vis Contrary to these findmgs, Warkentm, Huston, Preston and Ivy (5), 
m an experimental study of reflex inhibition of hepatic bde flow m response 
to distention of the proximal colon m dogs, concluded that the celiac ganghon 
IS either a true or a pseudo-reflex center for this reaction. 

In view of the lack of agreement regardmg the occurrence of reflex 
connections m the prevertebral gangha, it has seemed desirable to carry 
out further studies bearmg on this problem, mcludmg both anatomical and 
physiological experimentation 


Material and methods 

Cate were used as the expenmeDtal ammals and the operative procedtrres were earned 
out with the arunjals under nembutal anesthesia In one senes the connections of the in- 
fmor mesentwe gangha with the central nervous system were mterrupted by bHateral 
the lumbar segments of the sympathetic trunk, section of the cehac roots 
the hypogastric nerv es These animals were allowed to hve 21 days following 
nf^r-n.'oiL I® inferior mesentenc gangha were then prepared for study by a modification 
of Cajals silver techmc In another senes a colomc branch of the infmor mesent^c 
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experimental techmque is not sufficiently refined for an attack on the prob- 
lem from the physiological standpoint 

Summary 

1 The reflex response of embryos of Rana limnochans to tactile stimu- 
lation vanes m natiue and duration as development advances For embryos 
2 0 mm body-length the duration of the response averages more than 4 sec 
In embryos 3 0-4 5 mm the duration decreases gradually and m larger 
mdividuals remains ca 1 5 sec on the average 

2 Transection of the cervical cord does not alter the nature of the tactile 
reflex with development, nor its duration m embryos 3 mm long In larvae 
longer than 4 mm the duration of the reflex is lengthened by transection 
of the cord The mcrease in duration persists up until metamorphosis 

3 Transection of the dorsal cord does not mcrease the duration of the 
tactile reflex m 5 mm tadpoles 

4 Decerebration does not alter either the nature or duration of the 
tactile reflex m tadpoles at any stage Destruction of the rostral half of the 
hmd bram has the same effect as transection of the cervical cord 

5 In the early stage of its action cyamde poisomng lengthens shghtly 
the duration of the tactile reflex in normal and decerebrate larvae but does 
not alter it m spmal and bulbospmal preparations 

6 Spmal tadpoles exhibit more spontaneous activity than normal and 
decerebrate ones Cyamde poisonmg m the early stage of its action mcreases 
the spontaneous activity of normal and decerebrate tadpoles but does not 
alter it significantly m spmal larvae 

7 These data mdicate that a mechamsm is laid down m the spmal cord 
of Rana limnochans m its development, from the non motile stage to one 
of translatory movements, for repeated reactions to a bnef tactile stimulus 
and that this mechanism is inhibited by impulses from the rostral half of 
the hmd bram at and after hatchmg 

APPENDIX 

ACTION OF CYANIDE ON THE DEVELOPING NERVOUS SYSTEM 

OF THE FROG 

In the course of the cyamde poisoning experiments described in the mam paper, we 
had to inquire into the following two questions Firstly, is the action of cyamde on the 
developmg nervous system the same as that on the adult nervous system? Secondly, does 
the susceptibihty of the tadpoles vary with growth’ The results of our mquiry are presented 
m the following paragraphs 

1 The action of <yanide on tadpoles The first symptom appearing within 1 or 2 imnutes 
Eifter a tadpole has been immersed in a 1 5,000 aqueous solution of KCN is a mtirked m- 
crease in spontaneous activity This may be due to either irritation of the skm or abohtion 
of the inhibition of the spini cord by higher motor centers The following facts indicate 
the second alternative to be the true explanation In the first place, the concentration 
adopted produces no eruptions on the skm, visible either to the naked eye or under the dis- 
sectmg microscope Second, embryos at the flexure stage (about 3 mm long), whose hmd 
brains have not matured, show no mcrease in spontaneous motihty after the administration 
of cyamde Finally, spmal tadpoles m contrast with normal and decerebrate ones do not 
increase their spontaneous activity after cyamde, as reported m the mam paper 
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tenc artenes, these fibers must be regarded as the axons of entenc gangbon 
cells They also resemble fibers of entenc ongin within the entenc plexuses 
both in cahber and in the absence of myehn In view of the persistence of 
termmal branches of axons in the prevertebral gangha following mterrup- 
tion of the preganghomc fibers of spinal ongm, it may be assumed that some 
axons of entenc ongm reach the prevertebral gangha via the mesentenc 
nerves 

Physiological In prepanng the animals for acute experimentation on 
the large intestme, the colon was transected approximately at the level of the 
infenor mesentenc artery and the recordmg balloon placed m the proximal 



ABC 

P^G 1 Photormcrographs of sections of proximal (A, C) and distal (B) segments of 
colomc nerves m a cat taken 40 days after transection of these nerves The nerve fibers 
appearing m B are those which have remamed viable foUowmg degeneration of those which 
grow distalward 

segment immediately after removal of the spmal cord from the lower cervical 
region caudalward In most of the amm^s used distention of the distal 
segment of the colon with air or water under pressure equal to 200 cm of 
water or over or direct faradic stimulation of nerves to this segment, while 
the proximal segment was imdergomg spontaneous contractions, resulted 
m inhibition of this motihty and usually m lowering of the tome level m some 
degree (Fig 2A) In most of the trials motihty was resumed promptly, m 
others inhibition contmued for variable mtervals foUowmg cessation of the 
stimulation 

In the chrome experiments the stimulation trials were earned out m the 
same manner, but 7 days or longer after decentralization of the infenor 
mesentenc gangha by bilateral extirpation of the lumbar segments of the 
sympathetic tnmk and section of the cehac roots and the hypograstnc 
neri’es In these experiments it proved advantageous to sever the pelvic 
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recorded The test was repeated until the resistance time of each tadpole had been deter- 
mined The results of the 4 senes are presented in Fig 2 In this figure, the average resist- 
ance time obtained at each test with the range of deviation as indicated by a vertical line 
18 plotted against the body-length At 3 mm , the resistance time averages 80 6 minutes, 
from 3 to 6 mm , it gradu^y decreases, and from 6 to 11 mm , it remains stationary at an 
average of 20 minutes The fall in resistance time from 3 to 6 mm is exponential, as venfied 
by plotting on semiloganthmic paper 

The high resistance of young embryos to poisons and drugs is a fact well known but 
little understood The exponential fall in resistance from the flexure stage to approximately 
the stage of translatory movements is probably correlated with the development of the 
spinal cord This conjecture is supported by our expenments (13) on the effects of transec- 
tion of the cervical cord on the development of behavior m frogs, and also by the classic 
study of CoghiU (4) on the growth of the larval spinal cord in Amblysloma Unfortunately 
no similar investigation on the development of the spinal cord of frog tadpoles has been 
earned out, and consequently no direct companson can be made between the curve of 
resistance time and that of the growth in the spinal cord The constant resistance tune 
from S to 11 mm is probably due to the fact that the larval spinal cord has attained its first 
phase of growth after the stage of translatory movements 
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the inhibitory response in the proximal segment of the intestme to direct 
faradic stimulation of more distal mesentenc nerves occurred repeatedly, 
but the inhibitory response to distention of an extensive segment of the m- 
testme usually could not be ehcited more than a few times in succession, 
particularly when pressures greater than 200 cm of water were used In 
some ammals this method of stimulation failed after the first trial In a few 





Fig 3 Kymographic records of motility in the proxunal segment of the transected 
jejunum of a cat with the spinal cord removed from the lower cervical region caudalward 
A, B, and C show inhibition ehcited by faradic stimulation of mesentenc nerves to the deum 
D shows inhibition ehcited by distention of the ileum 

instances distention of a segment of the intestme with air resulted m air 
embolism and immediate death of the animal 


Comment 

The anatomical data m the present mvestigation m general corroborate 
the earher findmgs of Kuntz (2, 3) which mdicate the persistence of axon 
termmations m the prevertebral gangha foUowmg mterruption of the pre- 
ganghomc fibers of spmal ongm, and the persistence of mtact fibers m the 
distal segments of mesentenc nerves followmg transection of these nerves 
and the artenes with which they are associated The 21-day mterval allowed 
for the degeneration of the termmal branches of mterrupted axons m the 
mfenor mesentenc gangha probably is sufiBcient to insure complete degen- 
eration of all the mterrupted fibers This study of mtraganghomc axon ter- 
rmnations has been limited to the mfenor mesentenc gangha because of the 
relative certamty that all the preganghomc fibers of spmal ongm which 
reach these gangha are mterrupted by the operative techmc employed Com- 
plete decentrahzation of the cehac gangha by splanchnic nerve section or 
extirpation of the sympathetic trunks, without injury to the cehac plexus 
IS more difficult The 40-day mterval aUowed for the degeneration of the 
fibers growmg distalward m the distal segments of the mesentenc nerves 
undoubtedly is sufficient to insure complete degeneration of all nerve fibers 
separated from then cells of ongm The persistence of unmyehnated nerve 
fibers m the distal segments of transected mesentenc nerves mdicates the 
occurrence of fibers, m these nerves, other than those which grow distalward 
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artery, the nerves associated wth it and an intestinal branch of the cebac artery with its 
associated nerves were ligated at two points close together and transected between the 
ligatures These animals were allowed to live 40 days following operation, after which 
the distal and proximal segments of the arteries and nerves in question were prepared for 
study by tbe protargol technic 

In the senes of cats used in acute physiological expenments, decentralization of the 
prevertebral ganglia was accomplished by removal of the spinal cord from the lower 
cervical region caudalward This method was adopted because of the certainty with which 
it mterrupts all preganglionic fibers of spinal ongin In some of these animals the vagus 
nerves alw were mtemipted just below the diaphragm by transection of the esophagus and 
adjacent structures In a senes prepared to detemune whether the intestino-intestinal in- 
hibitory reflex can be ebcited through the infenor mesentenc ganglia following degeneration 
of the pregangliomc fibers of spinal ongm these ganglia were decentralized by bflateral 
extirpation of the lumbar segments of the sympathetic trunk and section of the celiac 
roots and the hypogastnc nerves These animals were permitted to live one week or longer 
before the physiological expenments were earned out 

In the expenments involvmg the response of the proximal portion of the colon to 
stimulation of the distal portion, a rubber balloon was placed m the proximal portion and 
connected with a tambour for kymographic recording In those involvmg the response of 
the proximal portion of the small mtestine to stimulation of more distal mesentenc nerves 
the balloon was placed in the jejunum In all expenments the intestine was transected distal 
to the recording balloon in order to mterrupt the entenc plexuses In most of the experi- 
ments the mesentenc nerves were stimulatAi by distention of a segment of the intestme 
distal to the transection with air or water under moderate pressure In others faradic 
stimulation was appbed directly to the corresponding mesentenc nerves 


Experimental, Data 

Anatomical The results obtained m the preparations of infenor mesen- 
tenc ganglia in which the preganghonic axons of spinal ongm had undergone 
degeneration corroborate in general the earher findings of Kuntz (3) in sim- 
ilar matenal Most of the axons whose terminal branches arbonze among 
the ganghon cells and ramify among the dendntes m dendntic tracts and 
glomeruli disappeared, but some remamed mtact Tenmnal boutons m 
contact with ganghon cells were observed only rarely, but termmal branches 
of axons m mtimate relationships with ganghon cells and m dendntic tracts 
and glomeruh were seen m aU of the sections 

Preparations of the distal segments of mesentenc nerves both to the colon 
and the small mtestme taken after degeneration of the nerve fibers growing 
toward the mtestme, foUowmg section of a branch of the infenor mesentenc 
or of the cebac artery with the nerves associated with it, exhibited numerous 
mtact fibers (Fig IB) These fibers are not equally abundant m all the 
nerve fiber bundles associated with the artery Some bimdles appear to be 
entirely devoid of mtact fibers Sections of the scar tissue m which the distal 
ends of the proximal segments and the proximal ends of the distal segments 
of the mtemipted artery and nerves are imbedded afford no conclusive 
evidence of regeneration of the mtemipted nerve fibers Regeneration of 
these fibers probably was prevented by the hgature proximal to the level of 
the transection No regenerating fibers could be traced through the scar 
tissue The viable fibers m the distal segments of the mtemipted nerves, 
consequently, do not represent regeneratmg axons In the absence of gan- 
ghon cells m the mesentery associated with the distal branches of the mesen- 
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siderably greater pressure The exact threshold of stimulation has not been 
determmed, but the pressures used in these experiments (200 cm of water or 
over) were well above the threshold intensity m most instances In some 
cases distention with pressures equal to 200 cm of water failed to ehcit a 
reflex response 

The results of the acute experiments in the present senes afford con- 
clusive proof that the intestmo-mtestmal inhibitory reflex, following decen- 
trahzation of the prevertebral gangha, is mediated through these gangha, 
but they do not mdicate whether the reaction is a true reflex or a pseudo- 
reflex The results of the chronic experiments in which distention of the distal 
segment of the colon caused inhibition of motihty in the proximal segment 
m animals m which the infencr mesentenc gangha had been decentralized 
7 days or longer previously afford conclusive evidence on this pomt Pseudo- 
reflex activity earned out through branchmg visceral afferent fibers of spmal 
ganghon ongm is precluded in these experiments smee the visceral afferent 
fibers which reach the colon via the infenor mesentenc plexus, hke the pre- 
ganghomc fibers of spinal ongm to the inferior mesentenc gangha, had 
undergone degeneration S 3 maptic contacts m the infenor mesentenc gangha 
effected by collateral branches of local ganghon cells are not precluded, 
but there is no reason to assume that stimulation of efferent termmal struc- 
tures m the colon by distention of this viecus results m the conduction of 
impulses centralward m efferent axons In view of the anatomical demon- 
stration of mtact fibers m the distal segments of colomc and other intestmal 
nerves foUowmg degeneration of the mterrupted fibers growmg distalward m 
them, it appears more probable that impulses nsmg m the colon, under the 
conditions of these experiments, are conducted mto the infenor mesentenc 
gangha through axons of entenc ganghon cells which effect S 3 rnaptic con- 
nections m these gangha and thus constitute components of true reflex arcs 
Entenc ganghon cells whose axons extend mto prevertebral gangha do 
not conform to the accepted definition of visceral afferent neurons and should 
not be classified m this category They are essentially similar to the recep- 
tive components in the reflex mechanisms withm the wall of the entenc 
canal The latter effect synaptic contacts m the gangha in which they are 
located or m adjacent entenc gangha, the former effect synaptic contacts 
m prevertebral gangha 


Summary 

In the cat the termmal branches of some axons remam mtact m the m- 
fenor mesentenc gangha foUowmg degeneration of aU preganghomc fibers 
of spmal ongm which reach these gangha Some nerve fibers also remam 
mtact m the distal segments of mesentenc nerves to the colon and the small 
intestine, foUowmg their interruption, after degeneration of aU the fibers 
which grow distalward These are regarded as the axons of ganghon cells 

located m the waU of the entenc canal which extend mto the prevertebral 
gangha ^ 
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nerves before stimulating the distal colon m order to avoid reflex parasym- 
pathetic stimulation of the proximal colon which, in some instances could 
not be overcome by the reflex stimulation elicited through the infenor 
mesenteric gangha In the absence of mtact pelvic nerves, the mhibitory 
responses m the proximal segment of the colon ehcited by distention of the 
distal segment, foUowmg degeneration of the preganghomc fibers to the in- 
ferior mesentenc gangha (Fig 2B), were entirely comparable to those 
ehcited by the same stimulation m the acute experiments in ammals in 



Fig 2 Kymographic records of motibty in the proximal segment of the transected 
colon of the cat a and b show inhibition of motihty ehcited by distention of the distal seg- 
ment of the colon in an animal with the spmal cord removed ftnm the lower cervical region 
caudalward c and d show inhibition ehcited by faradic stimulation of nerves to the distal 
segment of the colon in an animal prepared in the same manner e and f show inhibition 
ehcited by distention of the distal segment of the colon 9 days after decentralization of the 
inferior mesentenc gangha by extirpation of the lumbar segments of both s 3 nDapathetic 
trunks and section of the cehac roots and the hypogastnc nerves 


which decentrahzation of the inferior cervical gangha had been accomphsbed 
by removal of the spmal cord 

In preparmg the ammals for the experiments mvolvmg the mtestino- 
mtestmal inhibitory reflex mediated through the cehac gangha, the small 
mtestme was transected near the imddle of the jejunum and the recordmg 
balloon placed in the proximal segment immediately after removal of the 
spmal cord from the lower cervical region caudalward Distention of the 
ileum with air or water under pressure equal to 200 cm of water or over or 
direct faradic stimulation of mesentenc nerves distal to the transection, 
while the proximal segment of the mtestme was undergomg spontaneous 
contractions, usually resulted m partial or complete inhibition of the motil- 
ity m the proximal segment and lowenng of the tome level m some degree 
(Fig 3) Section of the vagus nerves was without apparent effect on the in- 
hibitory responses obtamed m these experiments In most of the animals 
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siderably greater pressure The exact threshold of stimulation has not been 
deterrmned, but the pressures used m these experiments (200 cm of water or 
over) were well above the threshold intensity m most instances In some 
cases distention with pressures equal to 200 cm of water failed to ehcit a 
reflex response 

The results of the acute experiments m the present senes afford con- 
clusive proof that the mtestmo-mtestmal inhibitory reflex, foUowmg decen- 
tralization of the prevertebral gangba, is mediated through these gangha, 
but they do not mdicate whether the reaction is a true reflex or a pseudo- 
reflex The results of the chronic experiments m which distention of the distal 
segment of the colon caused inhibition of motihty in the proximal segment 
m nnimals m which the mfencr mesentenc gangha had been decentralized 
7 days or longer previously afford conclusive evidence on tbis pomt Pseudo- 
reflex activity earned out through branchmg visceral afferent flbers of spmal 
ganghon ongm is precluded m these experiments smee the visceral afferent 
fibers which reach the colon via the mfenor mesentenc plexus, hke the pre- 
ganghomc fibers of spmal ongm to the mfenor mesentenc gangha, had 
undergone degeneration Synaptic contacts m the mfenor mesentenc gangha 
effected by collateral branches of local ganghon cells are not precluded, 
but there is no reason to assume that stimulation of efferent terminal struc- 
tures m the colon by distention of this viscus results m the conduction of 
impulses centralward m efferent axons In view of the anatomical demon- 
stration of mtact fibers m the distal segments of colomc and other mtestmal 
nerves foUowmg degeneration of the mterrupted fibers growmg distalward m 
them, it appears more probable that impulses nsmg m the colon, under the 
conditions of these experiments, are conducted mto the inferior mesentenc 
gangha through axons of entenc ganghon cells which effect synaptic con- 
nections m these gangha and thus constitute components of true reflex arcs 
Entenc ganghon cells whose axons extend mto prevertebral gangha do 
not conform to the accepted defimtion of visceral afferent neurons and should 
not be classified m this category They are essentially similar to the recep- 
tive components m the reflex mechanisms withm the wall of the entenc 
canal The latter effect synaptic contacts m the gangha m which they are 
located or m adjacent entenc gangha, the former effect synaptic contacts 
in prevertebral gangha 


Summary 

In the cat the temunal branches of some axons remam mtact m the m- 
fenor mesentenc gangha foUowmg degeneration of aU preganghomc fibers 
of spmal ongm which reach these gangha Some nerve fibers also remam 
mtact m the distal segments of mesentenc nerves to the colon and the s mall 
in^toe, foUowmg them mterruption, after degeneration of aU the fibers 
which grow distalward These are regarded as the axons of ganghon ceUs 

located in the waU of the entenc canal which extend mto the prevertebral 
gangha ^ 
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The time interval following section of these nerves may have been long 
enough for the regeneration of the interrupted fibers, but this apparently 
was prevented by the ligature of the proximal segment Careful examination 
of sections of the scar tissue formed at the site of the transection of the 
arteries and nerves, furthermore, afforded no evidence of the growth of 
nerve fibers from the proximal segments of the mterrupted nerves into the 
distal segments The fibers which have persisted m the distal segments of 
these nerves undoubtedly represent mainly axons of ganghon cells located 
m the mtestinal wall On the assumption that such fibers effect synaptic 
contacts in the prevertebral gangha, they may be regarded as constituents 
of mechamsms comparable to the local reflex arcs within the entenc plexuses, 
the reflex activity of which has been amply demonstrated 

The physiological data in the present mvestigation are in full agreement 
with the anatomical findmgs They also corroborate the earher experiments 
(3, 4) and are in agreement with the findmg of Warkentin, Huston, Preston 
and Ivy (5) that the hepatic bile flow may be inhibited by distention of the 
proximal colon or direct stimulation of its nerve supply, foUowmg decen- 
tralization of the cehac gangha by bilateral section of the vagus and splanch- 
mc nerves and extirpation of the lumbar segments of the sympathetic trunks 

The vagus nerves play no part m the mtestmo-mtestmal inhibitory re- 
flex either before or after mterruption of the nerves connectmg the cehac 
gangha with the spinal cord, consequently, these nerves were not mterrupted 
m all the animals used m this senes of experiments In those m which the 
vagi were severed below the diaphragm, the experimental results were not 
modified by this procedure 

Decentrahzation of the prevertebral gangha by removal of the spmal 
cord from above the first thoracic segment caudalward must be regarded 
as complete, smce no sympathetic preganghonic fibers emerge from the 
spmal cord at higher levels The inhibitory responses in a proximal segment 
either of the small mtestme or the colon to distention of a more distal seg- 
ment or direct stimulation of the correspondmg mesentenc nerves, therefore, 
must be mediated through the prevertebral gangha This also is mdicated 
by the observation of Kuntz and Van Buskirk (4) that the inhibitory re- 
sponse m the proxiinal portion of the small mtestme is abohshed by apphca- 
tion of a mcotme solution to the cehac gangha Warkentm et al (5) also 
reported that the inhibition of the hepatic bile flow m response to distention 
of the proximal colon or direct stimulation of its nerve supply, foUowmg 
bilater^ section of the vagus and splanchmc nerves and extirpation of the 
lumbar segments of the sympathetic trunks, is abohshed by apphcation of 
a mcotme solution to the cehac gangha 

Under the conditions of our experiments, the threshold of stimulation 
of the mtestmo-mtestmal reflex mechanisms which persist foUowmg decen- 
trahzation of the prevertebral gangha was relatively high They were not 
activated by distention of a segment of the mtestme only sufficient to 
activate the spmal reflex arcs Them activation required distention by con- 
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The thalamic tenrunation of visual, auditory and somatosensory fibers is 
well known and detailed pomt-to-pomt projections of these fibers onto the 
cerebral cortex have been worked out For three categories of sensation the 
fact, to say nothing of the locus, of a thalamic relay is largely a matter of 
inference These are visceral sensation, labyrmthme sensation and taste 
There are defimte mdications with respect to the locus of the thalamic 
nucleus for taste Bomstem (3, 4) has recently presented evidence that 
taste IS localized m the postcentral operculum rather than m the hippo- 
campal region as is usually stated Such a localization suggests a different 
thalamic relay than would be likely if the locus were rhmencephahc The 
projection to the inferior end of the cortical somatosensory area arises, 
accordmg to Walker (15) and Le Gros Clarke (6), from the nucleus ventralis 
posteromediahs (arcuate nucleus) The secondary tngemmal pathways ter- 
mmate m this nucleus (16) Therefore, a reasonable hypothesis is that taste 
impulses also tenmnate m or near the arcuate nucleus 

Actually what httle is known of the central taste pathways favors locah- 
zation m this region of the thalamus For example, Adler (1) describes an 
instance of a ghoblastoma of the third ventricle accompanied by hetero- 
lateral reduction of gustatory sensibihty and cutaneous sensibihly of the 
face Adler concluded from her histological study of the case that taste is 
represented m the medial part of the arcuate nucleus Walker (15), from a 
consideration of pertment clinical and anatonucal studies, also suggested 
that the arcuate nucleus is the thalamic relay for taste 

In the first of a senes of experiments designed to test this hjrpothesis 
clear-cut, positive evidence was obtamed m one of three animals (2) In this 
study further evidence of the same purport is described 


METHODS 


Ths gustatory discnininatory capacity for quinine hydrochlonde was determined m 
10 immature Macaco mulatto monkeys before and after bilateral electrol 3 rtic lesions of the 
posteroventral thalamic nuclei Testing of taste was accomplished by a preference techmque 
similar m pnnnple to that employed by Richter for rats (12) and Blum, Walker, and Ruch 
lor monke ys (2) The apparatus and method have been discussed m detail elsewhere (11) 
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A taste deficit is manifested by a postoperative shift of the curve to the 
nght To state such changes succinctly it is convenient to choose one or more 
points (thresholds) on the curves for comparison Two such pomts have been 
chosen The rejection threshold is the lowest concentration at which no more 



Conceniraiion of Quinine 
(mq /1(X) cc ) 

Fig 1 Repeated independent determinations of the threshold 
curves to test the rehabdity of the method 

quinine is drunk than is allowable for purposes of samphng which we have 
taken to be 10 per cent The acceptance threshold is the concentration at which 
the curve approaches the 50 per cent hne where chance rather than bitter- 
ness determmes how much of each solution is drunk Because of chance 
fluctuation a zone of 10 per cent on either side is used The acceptance 
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PARASYMPATHETIC REGULATION OF EEG 

mg of the bram waves, section of parasjmapatbetic pathways to the brain 
should mcrease hypocapnic effects 

The facial nerves containing parasympathetic pathways to the pial blood 
vessels were exposed m cats under ether The a nima ls were then paralyzed 
with beta-erythroiden and given artvficiai respiration Two mmute periods of 
hyperventilation, which had no effect before sectionmg the nerves, produced 
high potential, slow and spiked, activity after one or both faaal nerves were 
cut Stunulation of peripheral cut ends of the nerves reduced or prevented 
slow waves Intravenous physostigmme m low concentration likewise pre- 
vented effects of hyperventilation, and atropme exaggerated effects previ 
ously counteracted by physostigmme Atropme, m sufficient concentration, 
also produced high potential slow and spiked waves durmg hyperventilation 
without nerve section 

A parasympathetic influence on the electrical activity of the bram is dem- 
onstrated 

A cholmergic influence on cerebral metabolism and cerebral circulation is 
imphed A supplemental relationship between acetylchohne and carbon diox- 
ide m homeostatic regulation of cerebral circulation is mdicated 

It 18 suggested that a neural mechanism is mdicated by which emotion- 
ally mduced, autonormc changes may produce "functional” effects on bram 
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achieved by a reduction of blood pressure As long as the blood pressure con- 
tinues to fall, blood flow is progressively decreased, CO2 in the brain may 
remain unchanged, and there may be no change m the EEG Only when 
blood pressure stops fallmg is CO* m the bram necessarily reduced and cere- 
bral vasoconstriction properly to be assumed And at this pomt mcreased 
alpha potential, not high potential slow and spiked activity, typically char- 
acterizes the EEG This is but another of the numerous condifaons m which 
mcrease of alpha potential appears symptomatic of mcreased cerebral vaso- 
constrictor tone (9) We can agree with Gibbs et al (17) that homeostatic 
vasoconstrictor regulation of blood flow is not necessarily assoaated with 
abnormahty of the EEG 

If, however, dunng depletion of COj and acetylchohne by h3^erventila- 
tion there is mterference with parasympathetic reimbursement of loss of ace- 
tylchohne m the bram, whether by inhibition of paras3rmpathetic tone (11), 
or, as m the present experiment, by section of the nerve supply, high poten- 
tial slow and spiked potentials are obtamed The possibdity is suggested (1) 
that with reduction of the acetylchohne of S3niaptic transmission there may 
be an impairment of cerebral metabohsm with associated slowmg of the bram 
waves, and (u) that with deficiency of normal quantities of acetylchohne as 
vascular antispasmodic, high potential slow and spiked bram waves may be 
due to spasmodic effects of hypocapma on the blood vessels The first possi- 
bihty IS m harmony with evidence of the role of acetylchohne m this metab- 
ohsm offered by Welsh (25) and by Nachmansohn et al (19, 20) and is con- 
sistent with the arteno-venous differences m oxygen and carbon dioxide re- 
ported by Gibbs, Gibbs, Lennox and Nims (17) Contradiction of the second 
possibflity by the evidence of Gibbs et al that such dysrhythmias are not as- 
sociated with decrease m blood flow, and by our f^ure to demonstrate a 
simultaneous decrease m bram volume is not serious Just as it may be true 
that antispasmodic action of acetylchohne is essential to smooth regular, and 
generalized action of cerebral vasoconstrictor mechanisms, so it may also be 
true that no over-all change m blood flow or bram volume would accompany 
transient, irregular, and local constrictions or spasms of susceptible blood 
vessels Concormtant, apparently generahzed electncal effects conceivably 
might be derived under these cucumstances either from the blood vessels 
per se or from associated neural mechanisms 

And finally, we would mention another possible imphcation of these 
findmgs — namely that there is here a mechanism by which emotionally 
mduced autonormc changes, especially those mvolvmg inhibition of para- 
sympathetic activity (6, 7, 12, 24) possibly exert an influence on the bram 
We are provided pathways by winch chrome emotional upset, especially 
when m association with spontaneous hyperventilation, may possibly exert 
an influence on both electncal activity and cerebral circulation 

Summary and Conclusions 

If the inhibition of paras3mpathetic activity responsible for cardiac ac- 
celeration dunng hyperventilation is also responsible for concomitant slow- 
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In 1931 Jellinek and Sheiber reported that electncal stimulation of the ear 
with alternating current resulted m the perception by the subject of a sound 
which corresponded with the frequency of the stimulus The effect was con- 
firmed by Fromm et al (3) and Stevens (9) 

There are five possible explanations of this phenomenon (i) Mechanical 
vibrations are set up somewhere m the circmt e g at the electrode (n) The 
middle ear is set mto vibration and hence activates the cochlear fluid m the 
usual way (m) The electncal stimulus acts directly on the cells of Corti’s 
organ and imtiates the response (iv) An electncal field is produced m the 
middle ear which sets up a pattern of vibration on the basilar membrane 
(v) The current directly stimulates the auditory nerve fibers 

In a senes of experiments Gersum and co-workers have clearly shown 
that the cause of the phenomenon does not he m any artefact occumng m 
the circuit, such as vibrations of the electrode, or of the hqmd which sur- 
rounds it, or of the skm (4, 5) 

That the middle ear does not play a part m the electrophomc effect was 
demonstrated by the fact that sensations of tone could be ehated m the 
same way (i) when all the apparatus of the middle ear had been removed as 
m cases of disease (1) and (u) when this mechanism was excluded by leadmg 
the current directly to the round wmdow (3) Furthermore, immobilization 
of the ossicles modified the response to air-bome sounds, but the loudness 
and the nature of the sensations remamed unaltered when electncal stimu- 
lation was employed 

Andreev and co-workers (1) stimulated with altematmg currents the 
auditory nerve of subjects m whom the cochlea was destroyed, but the nerve 
was still functional As would be expected, &om the physiological properties 
of a nerve fiber, frequenaes from 100 to 14,000 cycles per sec were ^ per- 
ceived as noise, pitch was not discnmmated 

These observations leave two possible explanations of the mechanism m- 
volved m pitch analysis m response to electncal stimuh (i) The current acts 
immediately affectmg the receptor cells of the inner ear, or (u) an electncal 
field IS produced m the cochlea which sets up altematmg mechamcal forces 
which are similar to those produced by sound waves The experiment now 
to be descnbed was designed m an attempt to answer this question 

It IS argued that if the stimulus has its action directly upon the harr-cells, 
a change of phase should be reproduced with considerable fidehty The basis 
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ELECTROPHONIC RESPONSE 

Procedure Three human subjects were employed The external auditory meatus was 
cleared of wax and filled with a normal salt solution Into the fluid was placed a short 
copper electrode which projected from a plaster mould fitted snugly into the openmg of 
the meatus An indifferent electrode consisting of a hypodenmc needle was inserted sub- 
cutaneously into the nech of the subject 

When the subject reported that be heard the tone, a short period was allowed to 
elapse so as to famflianze him with the sound, then the phase was quickly reversed without 
his knowledge Each subject was tested separately and each was instructed to report 
exactly what he heard, no indication of what he might expect to hear was given Four fre- 
quencies, 600, 800, 1000 and 1200 cycles per sec were presented to each subject and a 
change of phase produced at each frequency — several trials were made for each tone 

Results 

At all frequenaes, and at each tnal, the subjects expenenced the same 
phenomenon 

Si reported that he heard a sudden brief penod of silence followed by a 
"surge” of the sotmd as it returned 

Sj said that he heard "a sudden stop m the sound and then it rushed 
back ” 

Sj reported "a sudden break m the tone and then it came back louder ” 
In order to verify these impressions, each subject was asked to compare 
what he heard with a change of phase produced m a headphone All reported 
that the efltect was essentially the same 

Discussion 

When an observer Listens to a steady tone whose phase is abruptly re- 
versed, he hears a discontmmty m the sound termed by Hartndge "the phase 
change beat” (6) A sumlar effect is produced by c han ging the phase of an 
electncal stimulus by 180“ This smiilanly may be taken as an mdication, 
although not a proof, that both types of stimulation mvolve the same physi- 
cal process m the inner ear 

The shiftmg of phase by 180° is mathematically eqmvalent to imtiatmg, 
m the opposite direction, a second tone of the same frequency and double 
the amphtude of the ongmal tone Therefore, the electrophomc mechanism 
must mclude some process which is mechamcally equivalent to resonance, 
m order that it exhibit a "phase change beat ” This resonant system must 
be peripheral to the nerve fibers because it is impossible for them to respond 
as tuned elements This suggests that a stage of transformation from electri- 
cal to mechamcal forces takes place somewhere m the cham of events m the 
process of response to an electncal stimulus, and that the mechamcal forces 
are less than cntically damped 

Arapova and co-workers (2) exclude this stage of transformation and 
suggest that altematmg current may i m mediately activate the sensory ele- 
ments of the cochlea Their rationale is that the loudness and pitch functions 
of electncal stimulation do not comcide with those of soimd, and therefore 
it IS improbable that the same physical events occur m response to the two 
types of stimuli The flaw m their argument is that the mner ear is by no 
means an electncally insulated mechanism, and a certam amount of spread- 
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for this argument hes in the fact that the mechanism mvolved, whether it 
be the release of a chermcal mediator or a physical change occumng withm 
the cell itself, will not be characterized by any thmg analogous to mechamcal 
resonance 

On the other hand, if the electncal stimulus were transformed mto me- 
chamcal vibrations which are less than critically damped, a phase change 
should be represented as a silent period This momentary discontmmty 
would be a result of the force of the stimulus commg mto opposition to the 
persistmg resonant vibrations of the elements involved 

METHOD 

Apparatus Alternating current from a sine wave audio-oscillator (8) was fed through 
a simple bridge type phase changing device (see figure) This circuit employs the principle 



Fig 1 Circuit of phase-changing bridge The 
values for the various components depend upon the 
characteristics of the oscillator employed 

that when an A C voltage is impressed on a condenser, the maximum values of current 
and voltage do not occur at the same instant The maximum voltage is reached 90 or 
less after the maximum current, due to the fact that a capacity tends to prevent any changes 
m voltage If a resistance is placed in the cucuit, the time-lag is reduc^ The relationship 
between the time-lag and the values of capacitive reactance may be expressed, 

tan 6 =■ 

where 6 is the phase angle The phase angle is the angle through which the radius of the 
cycle has moved between the time of maximum current and the tune of maximum voltage 
Considering the above mathematical expression, it is obvious that it is possible to 
vary the phase angle 6 by varymg the resistance R Theoretically the range of this varia- 
tion IS from 0 to 90° or one-fourth of a cycle In order to achieve a range of 0 to 180° it is 
necessary to employ a bridge type circuit (see figure) which is equivalent to multiplymg 
the effect by 2 

While it IS theoretically possible to vary the phase 180° usmg this circuit, the presence 
of an unavoidable amount of resistance limits the practical range to approximately 175 
for the frequencies employed in this experiment A cathode-ray oscilloscope was used to 
keep a constant check on the apparatus The frequency at which the phase change was to 
be studied was applied to the vertical plates of the oscilloscope tmd the 60 cycle A C hne 
impressed on the horizontal plates Inspection of the aspect of the Lissagous figure pr^ 
sented on the screen enabled the observer to calculate the number of degrees through which 
the phase was shifted 
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The constant and easily observed pupillodilatation that is evoked by affer- 
ent stimulation has led Bam, Irvmg and McSwmey (2), Irvmg, McSwiney 
and Suffolk (13), Harper and McSwmey (7) and McSwmey and Suffolk (18) 
to employ tlus response as a test reaction m studymg the course of afferent 
connections from the viscera both m the peripheral nervous system and m 
the spmal cord The recent observation of Ury and Gellhom (29), Seybold 
and Moore (27) and Hodes (8), that this pupiUodilator response m the cat 
occurs entirely by inhibition of oculomotor constrictor tonus (15), has sug* 
gested that it might be of equal usefulness as a test reaction m stud 3 rmg the 
distnbution of the ascendmg reflex pathway withm the more rostral portion 
of the neuraxis 

Because the oculomotor nucleus is the efferent structure whose activity 
IS dunimshed m the production of reflex dilatation of the pupil, the entire 
spmal cord and bram stem below the oculomotor level remam open for the 
study of ascendmg pathways without the possibflily of mterference with 
descendmg pathways to spmal autonomic outflows which are mvolved if 
vasomotor (21), sudomotor (25), or mctitatmg membrane (1) responses are 
studied 

In the present mvestigation, therefore, pupillodilatation was evoked by 
strmulatmg the central ends of the sciatic, spl^chmc and tngemmal nerves 
m hghtly anesthetized cats, and the effect of acute section of parts of the 
spmal cord and bram stem upon the response was studied In addition, the 
effect of destruction of parts of the bram which he above the oculomotor 
level, but which nught be concerned m reflex pupdloddatation (30, 32, 9, 10) 
was also observed 


METHODS 

In cats under light nembutal or chlorolosane anesthesia, the sciatic nerves were ex- 
posed in the leg and the greater splanchnic nerves through a retroperitoneal approach, 
shielded electrodes were applied and the nerves were crushed distally In some experiments 
maxillary branches of the tngemmal nerve m the face were also stimulated Inducton 
shocks or 60 cycle current were employed for stimulation Lesions of the spinal cord were 
made after laminectomy and lesions of the bram stem after removal of portions of the cal- 
vanum and retraction or aspuntion of overlying brain parts Lesions of the ventral portion 
of the medulla or upper cervncal cord were made through a parapharyngeal approach 
Since the ascending dilator pathway has been shown hy Harper and McSwmey (7) to be 
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mg with mcreased intensity is bound to occur Furthermore, there is no 
morphological evidence for a set of electrically tuned elements anywhere m 
the inner ear 

It IS clear, therefore, that mterposed between the current stimulus and 
the neural response is some process which is akm to the physical events re- 
sponsible for the phase change beat observed with mechanical stimulation 
The imphcations for theones of pitch analysis and the production of coch- 
lear microphomcs are obvious The evidence clearly contramdicates a 
direct action of the electrical stimulus on the cells of Corti’s organ, however, 
until further work has been done it would be premature to designate the 
mechamsms mvolved 

Summary 

The response of the ear to a phase change of 180° m the electrical stimu- 
lus IS found to be a bnef "silent penod ” 

Arguments are presented which favour a transduction of electncal mto 
mechamcal energy as the mechanism of the electrophomc effect 
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magnitude of the response Extension of the lesion 2 mm more medially (Fig 
lib) abolished pupillary dilatation 

In order to determme the excursion of the pathway withm this zone, a 
cut was made across the ventral 2 mm of the medulla (Fig iJa) This did 
not alter the threshold but reduced the magnitude of the response After ex- 
tendmg the lesion 2 mm dorsalward (Fig iJb), the pupils dilated only a 
trace with maximal stimulation, mdicatmg that the majonty of the pupdlo- 



Fig 1 Outline drawings of transverse sections through the thoracic cord (A-D) 
cervical cord (E-H), and medulla oblongata at the obex (I-K) In these and subsequent 
figures the extent of lesions failing to abolish reflex pupfllodflatation is indicated by obhque 
lining, the extent of lesions abohshmg reflex dilatation is indicated by cross hatching, and 
the estimated position of the lateral spmothalamic tract (Paper, 20) is shovm in sohd black 
Further discussion in text 


dilator fibers were mterrupted Upon approachmg the medulla from above, 
no alteration was observed m threshold or magmtude of response when the 
dorsal 3 mm was cut at this level (Fig iKa), hut after extendmg the lesion 
to a depth of 5 mm (Fig 1Kb) a maximal stimulus ehated only question- 
able pupillodilatation 

These data mdicate that at the level of the caudal meduUa oblongata the 
fibers m question pursue a course withm the mtermediate or lateral part of 
the ventral reticular formation 

Sections of the medulla at the level of the restiform body At this level, sec- 
tion from below of the ventral 3 mm of the medulla (Fig 2Aa) elevated the 
threshold considerably and reduced the response to one half of the original 
Enlargement of the lesion to a depth of 6 mm from the base (Fig 2Ab) 
caused pupillodilatation to be abolished Approachmg this region from the 
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equaUy crossed and uncrossed, afferent nerves were stimulated on both sides of the body 
and bilateral neural lesions were made at each location 

After appropnate exposure the threshold stimulus for pupillary dilatation from each 
nerve was determined The current strength was then increased to produce a greater dila- 
tation which could be measured in millimeters Selective lesions at levels of the spinal cord 
or bram stem were then made and the response was retested after each lesion This was 
continued until pupillodilatation was abolished Artificial respiration was employed when 
working in the medulla or upper cervical cord The dilator response was observed during 
the first few seconds of stimulation, with pauses between stimuli, thus obviating the possi- 
bility of humoral effects 

At the end of the experiment the portion of the cord or brain studied was fixed m 
formalin and subsequently was sectioned serially and stained for microscopic examination 
The extent of the lesion was determined by microprojection and was plotted upon outline 
drawings of the brain stem or spinal cord 

Results 

A Distribution of the ascending pupillodilator pathway 

Sections of the spinal cord Attention was first given to the course of the 
afferent pupillodilator pathway in the upper part of the spinal cord At the 
Ist thoracic level, section of the posterior columns and Lissauer’s tract 
(Fig lA) did not diminish pupiUodilatation resulting from stimulation of the 
sciatic or splanchmc nerves, and mterruption of either the entire dorsal 
(Fig IB) or ventral half (Fig 1C) of the cord only partially reduced the 
response In another instance the threshold was markedly raised and dila- 
tation reduced to a trace following hemisection of one side and destruction 
of the anterolateral portion of the other (Fig ID) The latter case mdicates 
the importance of ascending connections for pupillodilatation m the antero- 
lateral portion of the cord at the upper thoracic level, but smce some re- 
sponse was stiU obtamed after ventri destruction, this pathway is not ex- 
clusively represented there 

At the 1st cervical level, the pupillodilator response to peripheral nerve 
stimulation remamed unaffected after section of the posterior columns and 
Lissauer’s tract (Fig IE), after section of the antenor colunms (Fig lE), 
and after evacuation of the mtenor of the cord by aspiration (Fig IF), thus 
mterruptmg a considerable part of the fasciculus propnus system A section 
of the entire ventral half of the cord elevated the threshold considerably and 
dimimshed the response to half the ongmal (Fig IG) That the ascendmg 
dilator pathway is contamed entirely withm the lateral columns at the 1st 
cervical level, is seen from the fact that bilateral sections of the lateral 
columns alone (Fig IH) m two instances caused complete abohtion of the 
dilator response with even the most mtense peripheral stimulation (see also 

7) 

In the upper cervical cord, therefore, the afferent pathway evokmg pupd- 
loddatation ascends diffusely m the lateral columns 

Sections of the medulla at the level of the obex At the level of the caudal por- 
tion of the medulla oblongata the lateral extent of the dilator pathway was 
first determmed Bilateral section of the lateral 4 mm of the medulla (Fig 
Ha) produced only a shght elevation m threshold, with no change m the 
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A section extending from the floor of the ventncle to the base of the pons, 
and 2 mm to each side of the nudlrne (Fig 3Aa) did not alter the pup^ary 
threshold or response to sciatic or splanchmc stimulation, however, 
sion of the lesion 2 mm more laterally but only to a depth of 3 mm (Fig. 
3Ab) abohshed aU response to maximal stimulation In another anunal bi- 
lateral cuts were made from 2 to 4 mm from the midlme and 4 mm deep 




Fig 3A— F Outline drawings of transverse sections through the pons and midbrain 
Lesions indicated as m Fig 1 Further discussion in text 


(Fig 3Ca), after these lesions no alteration m pupillary size resulted from 
afferent stimulation 

From these results it is seen that the dorsal trend of the pupdlodilator 
pathway, begun more caudally, contmues so that at the pontile level the 
pathway occupies a position m the dorsal reticular formation close beneath 
the grey matter aroimd the central canal Further examination reveals that 
the pathway has also commenced to shift medially, not to a midlm e distri- 
bution but rather to a paramedian position Here, as more caudally, the dis- 
tnbution of the afferent dilator pathway is seen to be defimtely removed 
from that of the lateral spmothalamic tract 

Sections of the midbrain Lesions at this level were made m a plane passmg 
through the caudal part of the mam oculomotor nucleus only a short dis- 
tance behmd the Edinger-Westphal component, a reduction in the constnc- 
tor activity of which yielded pupiUodilatation m these experiments Data 


234 A J HARRIS, R HODES AND H W MAGOUN 

dorsal side, the threshold was raised shghtly and the response decreased 
following a lesion 2 mm deep (Fig 2Ba) across the dorsal portion of the 
meduUa When this section was extended to a depth of 4 mm (Fig 2Bb) 
only a barely perceptible increase m pupillary diameter resulted from maxi- 
mal stimulation 

To ascertam the lateral extent of the ascendmg pathway, destruction of 
the region dehmited above was extended progressively from the midhne 
Section of the medulla to a depth of 3 mm , and 4 mm from the midhne on 
either side (Fig 2Ca) had no influence on pupiUodflatation, whereas con- 
tmuation of the lesion 2 mm more laterally (Fig 2Cb) abohshed aU response 
to maximal stimuh In two other animals it was similarly observed that pu- 



Fig 2A— E Outline drawings of transverse sections through the medulla oblongata 
at the level of the restiform body Lesions indicated as in Fig 1 Further discussion m 
text 


pillary dilatation was abolished after bilateral destruction of that portion 
of the lateral reticular formation between the vestibular nuclei and the 
nucleus of the spmal fifth tract (Fig 2Db, Eb) 

An exammation of the results obtamed after lesions at the level of the 
restiform body mdicates that the ascendmg dilator pathway still occupies a 
position here m the mtermediate or lateral part of the bulbar reticular forma- 
tion The pathway has, however, commenced to shift dorsalward and is 
defimtely more dorsally situated than was the case at the level of the obex 
As a result of this dorsal migration, the distnbution of the afferent pathway 
evokmg pupiUodilatation is seen to be distmct here from that of the lateral 
spmothalamic tract 

Sections at the level of the pons Lesions destroymg the lateral portions of 
the pontile bram stem at the anterior end of the fourth ventricle (Fig 3Ba) 
did not alter the threshold or magmtude of the pupillary response Interrup- 
tion of the remaixung medial part of the bram stem to a depth of 3 mm 
(Fig 3Bb) abohshed all reaction to maximal stimulation 
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exerted directly at the level of the midhrajn, but the possibility reroai^ that 
the pathway continues to some higher level, the participafaon of which is 
essential for the response An attempt was, therefore, made to detennme 
whether this was the case 

In several acute experiments the cerebral cortex was extirpated and the 



Fig 4 Reconstruction of the midsagittal plane of the rostral brain stem of the cat, 
upon which is projected the extent of lesions in the hypothalamus and pretectal region 
Further discussion in text Abbreviations are as follows 
A — aqueduct MB — mamimllary body 

AC — anterior commissure MI — massa intermedia 

AM — anteromedian part of oculomotor N III — oculomotor nerve 

nucleus OC — mam oculomotor nucleus 

CP — basis peduncuh OP — optic chiasma 

E — pineal body PC — posterior commissure 

E\V — Edinger-Westphal nucleus PO — pons 

IC — mfenor colliculus SC — superior colhculus 

diencephalon removed from before backward, the threshold and magnitude 
of the dilator response to sciatic nerve stimulation bemg tested at mtervals 
Impairment m the response did not occur until the caudal portion of the 
diencephalon was removed, and then appeared to result more from mvolve- 
ment of the transition from dorsal thalamus to tectum than from mjury tc 
the hypothalamic region 

Nevertheless the effect upon the dilator response to afferent stimulatior 
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here were gathered, therefore, in as close a proximity to the Edmger-West- 
phal nucleus as was possible without injuring it That this nucleus was not 
mjured m any of the experiments was seen both from the microscopic exami- 
nation of the sections, and from the fact that the pupils remained narrow 
after all of the lesions, mstead of ddatmg widely as occurs when this nucleus 
IS damaged 

In one animal the region of distribution of the lateral spmothalamic tract 
was mterrupted bilaterally (Fig 3D a) This was not followed by any altera- 
tion in the pupdlodilator response, nor did any occur when the entire lateral 
rmdbram was sectioned on either side (Fig 3Db) There was stiU no impair- 
ment foUowmg section of the remaimng medial portion to below the cerebral 
aqueduct (Fig 3Dc), but abohtion of the dilator response followed mterrup- 
tion of the remaining ventromedial area (Fig 3Dd) 

In another mstance section of the medial portion of the midbram down 
to the level of the aqueduct (Fig 3Ea) did not alter the threshold or magm- 
tude of the pupdlodilator response to peripheral nerve stimulation When, 
however, this cut was extended ventrally to mterrupt the remainmg central 
grey and the immediately adjacent portion of the midbram tegmentum (Fig 
3Eb), the dilator response was abohshed Similar results were encountered 
m another ammal, m which the dilator response was unaltered after remov- 
mg the entire tectum of the supenor colhculus, but leavmg the pretectal region 
mtact (Fig 3Fa), or after mterruption of all but the most ventral part of the 
aqueductal grey (Pig 3Fb) Interruption of the remamder of the ventral 
central grey and the tegmentum immediately adjacent to it (Fig 3Fc), as 
before, abohshed reflex pupiUodilatation 

The results followmg sections m the midbram, hke those at lower levels, 
mdicate that the distribution of the afferent pathway evokmg pupiUodilata- 
tion 18 not comcident with that of the lateral spmo^alaimc tract The fact 
that the dilator response remamed unaffected ^ter removal of the supenor 
coUicuh demonstrates also that connections to or from the tectum are not 
concerned m its mediation The dorsal and medial shift of the ascendmg dila- 
tor pathway, encountered at lower levels, contmues and mcreases so that the 
pathway is directed forward through the midbram close to the rmdlme, 
either m the most ventral part of the central grey of the aqueduct or m the 
tegmentum immediately beneath it 

The significance of the shiftmg course of the afferent dilator pathway 
through the bram stem now seems evident, for its end result is to dehver this 
constnctor-inhibitory pathway either exactly to the oculomotor nucleus or 
to its close vicmity This observation suggests that the pathway may termi- 
nate there and exert its inhibitory action upon the oculomotor nucleus di- 
rectly, without passage to or mediation through some higher level of the 
bram 

B The effect of lesions above the midbram 

The convergence of the ascendmg pupdlodilator pathway upon the region 
of the oculomotor nucleus suggests that its constnctor inhibitory action is 
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Other autonomic reflex arcs have been found either to traverse levels of 
the central nervous system above their motor outflow, or to require the 
influence of such parts for the initiation of the response The galvamc skm 
reflex to "psychic” stimuh is abolished after ablation of the cerebral cortex 
of the cat (25) The reflex retraction of the mctitatmg membrane is altered 
after cortical extirpation and is abolished by pontile transection of the bram 
stem (19) The penpheral vasomotor response to painful cutaneous stimula- 
tion m rnnn mvolves neural structures lymg rostrad to the medulla oblon- 
gata (17) Penpheral vasoconstnction to cold, on the other hand, can occur 
as a spmal reflex (24) 

It may be surpnsmg that reflex oculomotor inhibition, whose temunal 
effect occurs at a level as far rostrad as the rmdbram, does not mvolve the 
participation of potential, supranuclear, oculomotor inhibitory mechanisms 
known to be present m the closely adjacent hjqiothalamus (9) or m the 
cerebral cortex (10) But with the possible exception of the pretectal region, 
destruction of which alters oculomotor tonus, the pupiUodilator reflex is not 
unpaued by the extirpation of neural structures above the level of the 
oculomotor nucleus where its constnctor inhibitory action is effected 

The second aspect of these results that merits discussion concerns the 
distmctness of distribution within the central nervous system of the afferent 
connections which inhibit oculomotor activity, and those afferents that form 
the lateral spmothalamic tracts, which, m man at least, subserve the sensa- 
tion of pam (11, 12, 23, 26, 31) It has previously been found that the mtra- 
medullary pathways for some autonomic and other reflexes, thought to be 
evoked by nociceptive stimuh, have a course distmct from that of the lateral 
spmothalamic tract withm the spmal cord 

Thus the pressor reflex to sciatic stimulation is dependent upon afferent 
connections coursmg apparently for the length of the cord m the tract of 
Lissauer (21) Vasomotor and other reflexes caused by stimulatmg the sym- 
pathetic cham, or by dilatmg the cystic and bdiary ducts, appear to be 
mitiated by mtrameduUary afferents travellmg m propnospmal systems 
(4,5) 

Afferent pathways for other autonomic reflexes have commonly been 
found to travel upward m the lateral fumculus of the cord, where the possi- 
bihty of then identity with the lateral spmothalamic tract, present there, is 
more hkely, but is not necessarily proven Among such afferents are those 
for the depressor response to sciatic stimulation (21), penpheral vasocon- 
stnction to painful cutaneous stimulation (17), retraction of the mctitatmg 
membrane (1), and pupiUodilatation (7, present experiments) evoked by af- 
ferent nerve stimulation 

In the case of the two latter reflexes the afferent pathway is approxi- 
mately equally crossed and uncrossed, a feature differmg from the crossed 
distnbution of the lateral spmothalamic tract Furthermore, m the case of 
the pupdlodilator reflex some afferent connections still remam mtact after 
ventral hemisection of the cord, with bilateral mterruption of the lateral 
spmothalamic tracts (7, Fig 1C and G of the present study) The present 
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of lesions destroying the entire hypothalamus at the mammillary level was 
studied m two animals (Fig 4) These were chrome preparations, the sciatic 
nerve bemg stimulated under chlorolosane one month after hypothalamic 
destruction A threshold dilator response was ehcited with minimal current, 
and with stronger stimulation marked pupiUodilatation was obtained with- 
out difficulty Such reflex dilatation appears, therefore, to be mdependent of 
the hypothalamus (see also 32) 

To mvestigate the other neural region above the oculomotor level, which 
acute experiments mdicated might be mvolved in reflex pupfllodilatation, 
large lesions destroymg the pretectal region and adjacent pariB of the dien- 
cephalon and midbram were made m three animals (Fig 4) After a 2-week 
mterval, the sciatic nerve was stimulated under chlorolosane 

The pupils were widely dilated (10-11 mm ) m these ammals and the 
constrictor reaction to hght was abolished Because of the extreme width 
of the pupils, esenne was mstiUed mto the conjunctival sacs and time was 
allowed for the pupils to become constricted before nerve stimulation was 
begun In one case sciatic stimulation with minimal current (02V) gave 
perceptible dilatation In the other animals, stimulation with 0 5V gave a 
dilatation of 1-2 mm In each animal, further mcrease of the mtensity of 
stimulation to as high as 12 V did not result m any further mcrease m the 
Width of the pupils The effect of pretectal destruction upon reflex pupiUodila- 
tation was, therefore, greatly to dimm ish the magmtude of the response, 
while leavmg its threshold low and withm normal Imuts 

This observation does not necessarily mdicate that a part of the afferent 
dilator pathway traverses the pretectal region, but rather its explanation 
appears to us to he m the dominant role of the pretectal area m mamtainmg 
excitation m the constrictor part of the oculomotor nucleus (16) In the ab- 
sence of the pretectal region, constnetor activity is almost m abeyance, as is 
evident from the extreme width of the pupils, and only a residue of exate- 
ment remains to be inhibited by afferent stimulation 

Discussion 

The first aspect of the results just presented that reqmres comment con- 
cerns the neur^ level at which oculomotor inhibitory action is effected by 
afferent nerve stimulation There is every indication that this occurs at the 
rostral end of the rmdbram, at the level of the preganghomc outflow whose 
diminished activity yielded pupfllodilatation Supranuclear structures lymg 
above the midbram did not appear to play any essential role m the response 

This is not an unprecedented findin g for Brooks (3) has shown that rises 
m blood sugar, mcrements m arterial pressure and heart rate, and contrac- 
tion of the denervated mctitatmg membrane can be reflexly mduced from 
the spmal cord below C6 Some of these responses, however, were, at the 
most, less than half as great as those obtamed with more rostral bram parts 
mtact, and Brooks concludes that the centers chiefly responsible for normal 
reflex excitation of the s 5 nmpathicoadrenal system are located m the medulla 
or some higher region of the bram 



Mention of the penpheral nerves raises a third point to which attention 
jidd be called — that of central connections made by afferent fibers in 
iceral and somatic nerves In these experiments the effect of lesions on 
pillodilatation evoked by sciatic and by splanchmc nerve stimulation was 
itmely compared and m no instance were the dilator responses from these 

0 sources ever dissociated, m every case they remained unaffected or were 
ipaired or abolished together (see also 7 ) These results suggest that both 
matic and visceral sources contribute to a common secondary pathway 

A few compansons of the effect of tngemmal nerve stimulation may also 

1 mentioned In two animals with pontile lesions abohshmg the dilator re- 
lonse to sciatic and splanchmc stimulation, and spanng primary tngemmal 
innections (Fig 3 A and C), pupillodilatation evoked from the tnge mm al 
jrve was reduced to a trace In two animals with midbram lesions (Fig 3 E 
id F) abohshmg dilatation from sciatic and splanchmc stimulation, the 
Jator response from tngemmal excitation was also abohshed These obser- 
ations suggest that the common spmal pathway conve3rmg afferent im- 
olses from somatic and visceral sources receives tngemmal contnbutions 
1 its passage forward through the bram stem 

The general conclusion to which the present results pomt is that pupillo- 
ilatation and pam evoked by stunulating afferent nerves are mediated by 
ual and separate mtrameduUary connections These results do not favor the 
lew that this dilator effect is mediated by diencephahc or other collaterals 
rom the afferent pam pathway, both because of the dichotomy of the affer- 
snt connections concerned, and because the diencephalon and higher regions 
)f the bram do not seem to he mvolved m the response Whether afferent 
itimulation of a pamful nature could provoke pupdlodilatation m the chrome 
ibsence of the reflex pathway here outhned, by some more devious route, or 
;hrough diencephahc or cortical excitation, is uncertam, it has not done so m 
:hese acute experiments under anesthesia At present only a comcidental re- 
ation between pupdlodilatation and psun woidd seem to exist, and use of the 
pupiUoddator effect as an mdicator of either somatic or visceral pam would 
appear to be open to question 

Whether the significance of the mtrameduUary pathway here outhned 
18 hmited to its role in evokmg pupiUoddatation upon afferent stimulation, 
or whether it has the more general function of bnngmg into play some of the 
additional autonomic and somatic responses that are usuaUy ehcited m such 
circutnstances, stdl remains to be detenmned 

SujaiARY 

The pupiUoddatation resultmg from sciatic, splanchmc and m some m- 
stances tngeimnal nerve stimulation has been observed after various lesions 
of the spmal cord and bram m hghtly anesthetized cats 

This response is known to result from inhibition of ocidomotor constrictor 
actmty , the present study adds the observation that destruction of parts of 
the brain above the oculomotor nucleus does not impair the effect which is 
evidently completed at the rmdbram level 
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expenments add the observation that dorsal hemisection of the cord (Fig 
IB), which should not impair conduction m the lateral spinothalamic tracts, 
and which accordmg to one view (6) should facihtate it, nonetheless reduces 
the pupdlodilator reflex In addition, Karplus and Kreidl (14) have demon- 
strated that the fehne pupiUodilator response to sciatic stimulation is still 
preserved after a lateral hemisection of one side of the cord at the thoracic 
level and a second hemisection of the opposite side at the cervical leveL The 
ascendmg connections concerned cannot be made up solely of long pathways 
m the white matter of one or the other sides, but must mvolve crossed re- 
lays 

There is no compelhng evidence, therefore, that afferent connections for 
autonomic responses, which ascend m the lateral fumculus of the spmal cord, 
are identical with the lateral spmothalamic tract, and there are some defimte 
mdications that dual or multiple afferent pathways may be present, with 
features mdependent of one another 

Little has been known concemmg the more rostral distribution m the 
bram stem of afferent pathways for autonomic responses which require this 
or higher levels of the brain for their completion Marquis and WiUiams (17) 
report three patients with unilateral bulbar or pontile lesions destroymg the 
lateral spmothalamic tract, m whom there was a reduced vasoconstrictor re- 
sponse to painful or thermal stimuh on the hypalgesic side of the body, which 
fact suggests that the lateral spmothalamic tract is the ascending bram stem 
pathway for this vasomotor reflex Disturbances m patients with similar 
lesions have been explamed by Stead et al (28), on the other hand, as due to 
the mterruption of descending bram stem tracts concerned with vanous 
functions of the autonomic system 

Unless the course of the lateral spmothalamic tract m the cat differs 
greatly from that m other animals and man, the present study has demon- 
strated an ascendmg pathway evokmg oculomotor inhibition whose distn- 
bution 18 qmte separate from that of the pam pathway at bulbar, pontile and 
midbram levels This ascendmg pupiUodilator path passes obhquely forward 
through the bulbar reticular formation to gam a paramedian position m the 
dorsal pontile tegmentum, and ascends through the midbram m or closely 
adjacent to the ventral central grey of the aqueduct Its distnbution does not 
appear to correspond to any hitherto described ascendmg pathway, and its 
precise structural identity remains unknown This is not surpnsmg, for 
through much of its ascendmg course this pathway traverses the terra m- 
cogmta of the bram stem reticular formation 

There is a possibdity that the oculomotor inhibitory and pam afferents 
are also distmct from one another m the peripheral nerves The first-order 
neurons of the lateral spmothalamic tract are generally beheved to be the 
small cells of the dorsal root gangha whose peripheral processes constitute 
the unmyehnated and fine myehnated fibers m the peripheral nerves (22) 
These small fibers exhibit a high threshold to direct electrical stimulation, 
but the thresholds of both the sciatic and splanchmc nerves to stunuh evok- 
mg pupdlodilatation m the present expenments were exceedmgly low 
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A common mtrameduUary pathway conveys afferent impulses from each 
of the sources studied to the midbram This pathway ascends through the 
lateral funiculus of the spmal cord, traverses the reticular formation of the 
medulla, gams a paramedian position in the dorsal pontile tegmentum, and 
ascends through the midbram in or near the ventral centrd grey of the 
aqueduct 

This oculomotor inhibitory pathway seems to be distinct from the lateral 
spmothalamic tract throughout its course and pupiUodUatation and pam 
evoked by stimulatmg afferent nerves would appear to bear only a comci- 
dental relation to one another 
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Thomsen, Aetamirano and Luco (4) demonstrated that synaptic changes 
occur m a muscle whose tendon has been cut 3 to 15 days previously, and 
suggested the possibihty that section of the tendon would result m a great 
exaggeration of the postural reflexes, smce some of the muscles pulhng on 
the jomt now lack antagonists More recently, It has been found that these 
synaptic changes disappear when the tendon spontaneously regrows, re- 
estabhshmg the equihbnum at the jomt despite the persistence of muscular 
atrophy produced by tenotomy (5) 

In order to determme the effect of position of the hmb and of stretch of 
the muscle on neuromuscular transmission, studies were made m anima ls m 
which the tibio-tarsal jomt had been immobilized by a plaster cast m one of 
three positions, namely, hyperflexion, hyperextension, and mtermediate 
The responses of the soleus muscle to different frequencies of stimulation 
were recorded, and the sensitivity of this muscle and of the tibiahs anticus 
to curare was determmed In each experiment the homologous muscle of the 
opposite leg was used as a control Hyperflexion produced maximal stretch 
of the soleus and maximal shortemng of the tibiahs, whereas hyperextension 
produced the opposite In addition to the neuromuscular transmission, the 
weight of the two muscles, thus exposed to high or low tension, was studied 

MEmiOD 

In cats anesthetized with ether, bandages impregnated with plaster were apphed 
directly over the skin from the metatarsals to the knee Occasionally edema or small 
decubitus ulcers were formed Four to 30 days later an acute experiment was performed 
under Nembutal (Abbott), in a dose of 0 033 g per kg of body weight dissolved in 1 cc 
of 25 per cent urethane A cannula was inserted in the trachea m order to apply artificial 
respiration when necessary The tibia was fixed by drills and the tendon was attached to 
the short arm of a lever, pulhng on rubber bands The amplification of the lever was 6 to 
8 times Silver electrodes were apphed to the sciatic nerve, which had been isolated and sec- 
tioned above the hip The nerve was stimulated by condenser discharges controlled elec- 
tronically Curare (Merck) was injected mtravenously The muscles of experiments per- 
formed after 9 to 16 days of immobihzation were carefully dissected and weighed im- 
mediately 


Results 

1 Soleus muscle stimulated indirectly at various frequencies A Hyperex- 
tension In the 8 aiumals studied the response to mdirect stimulation at 
frequencies from 128 to 300 per sec was characterized by a greater develop- 
ment^ the third stage of neuromuscular transmission as compared to the 
* Aided bj the Rockefeller Foundation 
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Fig 3 Effects of curare after immobfljzation of the tibio-tarsal joint m hyperflcxion 
for 12 dajs Top bne normal tibialis anticus 2nd bne immobilized tibialis 3rd line im- 
mobilized soleus 4th line normal soleus Frequency of stimulation of sciatic nerve 1 per 
4 sec Upper siBnal injection of doses of curare, after the fourth signal artificial respiration 
was begun Time Imin 

exceptions, since on comparing the per cent change in the muscles of the 
immobihzed leg it is seen that algebraically they follow the same law 
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Fig 1 Stages of neuromuBcu- 
lar transnussion of soleus muscle 
after immobilization of tibio-tarsal 
joint in hyperflexion Upper Ime 
normal Lower hne after 7 days of 
immobdization Frequency of stim- 
ulation of sciatic nerve, 200 per sec 
Time 1 min 

Fig 2 Stages of neuromuscu- 
lar tTEinsinission of soleus muscle af- 
ter immobilization of tibio-tarsal 
jomt in hjqierextensioP Upper hne 
normal Lower hne after 12 days of 
immobilization Frequency of stun' 
Illation of the sciatic nerve, 200 per 
sec Time 1 m in 


first, than occurs in the control (Fig 2) 
These stages, as seen m the normal cat, are 
descnbed by Rosenblueth and Cannon (2) 

B Intermediate position In 3 ammals 
the results were the same as those found in 
hjrperextension 

C Hyperflexion Fifteen experiments 
were performed, on 10 of which the third 
stage was greater m relation to the first 
than m the control (Fig 1) In the other 5 
experiments the results were different In 
some, the third stage was greater m relation 
to the first m the control than m the im- 
mobihzed hmb, when tested at 128 per sec , 
whereas at 200 or 300 per sec the responses 
of the two muscles were the same In others, 
the greater development of the third stage 
in the control than m the immobilized hmb 
was evident at all the frequencies studied 

2 Effects of curare in soleus and tibialis 
anticus In all the positions mvestigated 
and m all experiments performed the mus- 
cles of immobilized hmbs were found to be 
more resistant to the effects of curare than 
were those of control hmbs (Fig 3 and 4) 

3 Weight of the muscles On comparmg 
the weights of the soleus or tibiahs anticus 
muscles of the two hmbs of normal ammals, 
the per cent difference was found to be 
4 8±1 1 (Table 1) 

A Hyperflexion In this position the 
soleus had been m a state of maximal 
stretch, its weight was greater than that of 
the control The tibisdis had been max- 
imally shortened, and its weight was less 
than that of the control These results and 
the average changes m weight are presented 
m Table 2 

B Hyperextension Inversely, when the 
soleus had been maximally shortened, its 
weight decreased, whereas the weight of 
the maximally stretched tibiahs mcreased 
(Table 3) 

In 3 instances there were exceptions to 
this rule These are, however, only apparent 
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Table 2 Ttbio-tarsal joint fixed in hyperflexion 


^ c w of 

Days of soleus (g ) 

injmobilization j 


Per cent 
difference 


W of 
tibialis (g ) 

N I 


Per cent 
difference 


10 

3 050 

12 

2 630 

10 

1 510 

10 

1 620 

11 

1 620 

11 

1 400 

10 . 

2 480 

10 

2 300 

14 

1 525 


2 870 

- 5 9 

2 200 

-16 3 

1 670 

+10 5 

2 390 

+47 5 

1 850 

+ 14 1 

1 780 

+27 1 

2 860 

+15 3 

2 495 

+ 84 

1 940 

+27 2 


5 600 

4 550 

4 840 

3 260 

2 430 

2 345 

2 130 

2 040 

3 930 

3 300 

2 550 

2 090 

3 950 

3 640 

3 640 

3 400 

2 075 

1 660 


-18 7 
-32 6 
-34 
-42 
-16 0 
-18 0 
-78 
-65 
-20 0 


N normal muscle I immobilized muscle 

Average per cent mcrease of weight of soleus, +14 2 ±6 2 

Significant difference from normal muscles, 1 49 

Average per cent decrease of weight of tibialis, —14 1 ±3 1 per cent 
Significant difference, 2 73 

Note the low significant difference of the soleus is due to the opposite sign of the 
first 2 experiments The average per cent mcrease of the re m ai nin g 7 experiments is 
21 4 + 6 1 per cent and the significant difference is 3 18 

does tenotomy of this muscle This result appeared m the series of expen- 
ments mvolvmg fixation in hyperextension and the intermediate position, 
and m most of the senes in hyperflexion 

Section of the AchiUes tendon produces a certain position of the tibio- 
tarsal joint and a shortenmg of the soleus muscle This position is the same as 
that of the jomts immobilized m hyperflexion, but the tension of the muscles 
IS different In contrast, hyperextension produces tension of the soleus simi- 
lar to that found m tenotomy but a different position of the joint The differ- 

Table 3 Tibio-tarsal joint fixed in hyperextension 


Days of 
immobilization 


W of 
soleus (g 1 
N I 


Per cent 
difference 


W of 
tibialis (g ) 
N I 


Per cent 
difference 


10 

2 175 

1 360 

-37 4 

10 

1 945 

1 420 

-26 9 

15 

1 200 

0 750 

-37 5 

16 

1 710 

0 840 

-50 8 

10 

2 300 

1 170 

-49 1 

9 

1 845 

1 490 

-19 2 

12 

1 935 

0 860 

-55 5 

10 

2 150 

1 435 

-33 2 

13 

2 100 

1 090 

-48 0 


4 810 5 280 
3 930 4 310 
3 260 3 120 

3 090 3 930 

4 380 5 710 
3 315 4 010 
3 290 4 435 

5 020 6 580 
3 060 4 750 


N normal muscle 1 immobibzed muscle 

Memge per cent decrease of weight of soleus, —39 7 ±4 per cent 
Significant difference, 8 41 

A\oroge per cent increase of weight of tibialis, +23 8 ±5 3 per cent 
Significant difference, 3 48 


+ 97 
+ 96 
-42 
+27 1 
+30 3 
+20 9 
+34 8 
+31 0 
+55 2 
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Fig 4 Effects of curare after immobilization of the tibio- tarsal jomt in hjiperextension 
for 15 days Tibialis anticus Above normal Below immobilized Frequency of stimulation 
of the sciatic nerve 1 per 3 sec Upper signal injection of doses of curare, after the second 
signal artificial respiration was begun Time 1 mm 


Discussion 

1 SyTiaptic effects Fixation of the tibio-tarsal joint changes the responses 
of the soleus muscle stimulated at different frequencies m the same way as 


Table 1 Weight of normal muscles in grams 


Muscle 

R 

L 

Per cent 
difference 

Soleus 

1 900 

2 010 

5 7 

Soleus 

1 690 

1 480 

14 2 

Soleus 

1 770 

1 765 

0 3 

Soleus 

1 920 

2 080 

8 3 

Soleus 

1 900 

1 786 

6 4 

Soleus 

2 490 

2 710 

8 8 

Soleus 

2 600 

2 446 

2 2 

Tibiahs 

3 395 

3 330 

1 9 

Tibialis 

2 090 

1 900 

10 0 

Tibialis 

3 610 

3 690 

2 2 

Tibialis 

2 740 

2 680 

2 3 

Tibialis 

6 020 

4 890 

2 6 

Tibialis 

6 610 

6 770 

2 8 

Tibialis 

4 660 

4 640 

0 2 


Average per cent difference between normal muscles, 4 8 ± 1 1 per cent 
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tension in each case produced an increase of weight, whereas a decrease of 
tension produced a decrease of weight 

Most authors assign edema, ischemia, or damage due to compression as 
the most important factor m causmg the atrophy of im m obilization The re- 
sults reported here mdicate that these factors are not important 

Summary 

1 The influence of flxation of the tibio-tarsal jomt on the neuromuscular 
synapse and the weight of the soleus and tibiahs anticus muscles was stud- 
ied m cats anesthetized with Nembutal The jomt was fixed m h3^erflexion, 
h)rperextension and mtermediate between these two 

2 After immobilization m these 3 positions, these muscles show the same 
changes m neuromuscular transmission as are found m tenotomized muscles 
At high frequencies of stimulation there was a greater development of the 
third stage of neuromuscular fatigue m relation to the first stage than oc- 
curred m the control muscles (Fig 1 and 2) 

3 The immobihzed muscles resemble tenotomized muscles also m bemg 
less sensitive to curare (Fig 3 and 4) 

4 Fixation m hyperflexion for up to 14 days causes an mcrease m the 
weight of the soleus and a decrease m the weight of the tibialis (Table 2) 

6 Conversely, fixation m hyperextension causes a decrease m the weight 
of the soleus and an mcrease m the weight of the tibialis (Table 3) 

6 In the discussion the hypothesis is presented that m immobilization, as 
m tenotomy, the abnormal tension to which the muscle is exposed causes the 
neuromuscular changes by a reflex mechanism 
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ent results of some of the experiments m hyperflexion may be explamed if 
these two factors are assumed to act m causmg the synaptic abnormahty 
seen at the frequencies studied, and if the tension of the muscle is the more 
important of the two These factors would act by a reflex mechanism 

No matter what position the jomt was fixed m, the immobilized soleus 
was more resistant to curare than the control The same results hold for the 
tibiahs, m which, however, we did not study the responses to vanous fre- 
quencies because we are not famihar with the responses of normal muscles 
It might be argued that immobilization m the mtermediate position could 
produce no change of neuromuscular transrmssion But there are two objec- 
tions to this view (i) it is impossible to know exactly what position is mter- 
mediate, so that the soleus is neither stretched nor shortened, and (n) fixa- 
tion itself may cause S 3 rnaptic changes The latter explanation seems un- 
satisfactory smce tenotonuzed muscles present the same changes, yet m this 
case we cannot properly speak of fixation 

If there should be a certam relation between the quantity of muscular 
mass and of nerve, and perhaps also of mediator produced durmg synaptic 
transmission, this proportion should be altered by a change of weight of the 
muscle Now if the change m sensitivity to curare descnbed above were 
explainable by an alteration m this proportion, one would expect m one se- 
nes of experiments an mcrease of sensitivity, and m the other set a decrease 
But, as noted above, only a decrease of sensitivity to curare occurs, regard- 
less of the direction of the change of muscle mass The same arguments may 
be apphed m the case of the changes m the responses to different frequencies 
In summary, the synaptic changes mduced by tenotomy are the same as 
those found after fixation of the jomt 

Probably the most important factor m all these conditions is the abnor- 
mahty, either mcrease or decrease, of the tension or degree of stretch to 
which the muscle has been exposed 

2 Weight of the muscles The soleus and tibialis anticus muscles were 
chosen for this detemunation for the foUowmg reasons (i) they are well 
known from the pomt of view of synaptic function, (u) they are easy to dis- 
sect and hence may be weighed exactly, and (m) smce they are antagonists, 
immobilization m one extreme position produces high tension m one and low 
tension m the other 

A review of the hterature on immobilization and muscular atrophy re- 
veals contradictions m the experimental results Thus Lippmann and Sehg 
(1) showed that m the rabbit long periods of immobilization produced no 
atrophy On the other hand, other mvestigators (for references see Solandt, 
Partridge and Hunter, 3) found atrophy In view of the results reported 
here, these differences may have been due to differences of the position m 
which the jomt was fixed 

In regard to this relation between the position of fixation of the jomt and 
the resultmg changes m muscular weight, the fundamental factor would seem 
to be the tension to which the muscle had been exposed Thus an mcrease of 
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RELATION OF CEREBRAL CORTEX TO 
SPASTICITY AND FLACCIDITY* 

W KEASLEY WELCH and MARGARET A KENNARDf 
Department of Physiology, Yale University School of Medicine, New Haven, Connecticut 

(Received for publication June 23, 1944) 

Since the time of Hughlmgs Jackson the subject of flaccid and spastic 
paralysis has received wide attention Although m recent years the associa- 
tion of spastiatyj: with extrapyramidal lesions and flaccidity with the 
pyramidal (2, 5, 9, 10, 13, 14) has been established, questions remain un- 
answered which have been recently reconsidered m the hght of new thera- 
peutic neurosurgical procedures for the ^mptomatic rehef of spasticily 
( 1 . 11 ) 

Certam preliminary observations on spasticity and flaccidity foUowmg 
removal of various areas of the sensorimotor cortex m monkeys led to the 
present mvestigation These were (i) although removal of area 6 caused 
spastic paresis and removal of area 4, flacadity, simultaneous removal of 
both areas produced greater spasticity than did excision of area 6 alone, 
(u) primary removal of the postcentral gyrus caused flacadity with minimal 
paresis; (m) removal of an entire hemisphere caused more marked spastiaty 
and paresis than did removal of the motor and premotor areas alone 

Previous mvestigators have already thoroughly explored the sensorimotor 
areas rostral to the central sulcus m monkeys and chimpanzees m order to 
detenmne the effect of their removal on motor performance Fulton has 
shown m a number of primates (2, 4), as has Hmes m Macaco mulatta (6) 
that excision of the exatable motor area, area 4, gives rise to contralateral 
hemiparesis with httle or no spastiaty Similarly, if the prmapal descendmg 
projection of this area, the corticospmal tract, is cut at the level of the 
medullary pyramids m cats (9, 10, 13) or monkeys (14) no spastiaty is 
evident 

It has also been established that primary mjury to area 6 results m reflex 
graspmg and shght mcrease of resistance to passive flexion and extension 
(4, 5) If area 4s, Ijrmg between areas 4 and 6, is destroyed, alone or m com- 
bmation with area 4 or area 6, spasticity results (6). Furthermore, lesions to 
area 6 mtensify ipsilateral spastiaty and bilateral removal of areas 4 and 6 
results m great paresis and spastiaty m all extremities (2) 

There has been less thorough analysis of the large pyramidal and extra- 


* Aided bj a grant from the Fluid Research Fund, Yale Umversity School of Medi- 
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dwtmguish the rigidities, so called, from the classical spasticities m which lengthemne and 
shortening reactions can be demonstrated lengtnenmg ana 
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SPASTICITY AND FLACCIDITY 

involved extrenuties was slightly increased at the most proxunal jomte, the 
more distal parts were flaccid The arm was suspended at the animal s side 

and the leg was dragged passively (Expt 4) , , . i 

2 When areas 4 and 6 (mcludmg 4s) were removed the contralateral 
hermparesis was accompamed by flexion, pronation and adduction of the 



Fig 1 Brains of three monkeys and one chimpanzee showTng discrete lesions Lt upper, 
Expt 1, rt upper, Expt 6, It lower, Expt 4, rt lower, Elxpt 8 


mvolved arm Resistance to passive movement on the affected side was 
shghtly or moderately mcreased and the tendon reflexes were frequently 
hyperactive Forced graspmg could, of course, be ehcited Ultimate recovery 
here was incomplete The reflex grasp disappeared, but moderate paresis and 
shght increase m resistance to passive mampulation persisted (Expts 2, 
4, 6) 

3 Preexistmg spastic paralysis was greatly accentuated by ablation of 
areas 4 and 6, either smgly or together ipsilateral to the initial spasticity and 
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pyramidal areas postenor to the central sulcus from the standpomt of pos- 
tural reflexes Leyton and Sherrmgton (8) found no marked postural or motor 
changes foUowmg small lesions of the postcentral gyrus m chimpanzees 
Hypotoma has been described as resulting from primary parietal ablation 
(7), but digital rigidity foUowmg a period of flaccidity was seen m two chim- 
panzees after large panetal ablations (12) When combined with destruction 
of the motor area, postcentral lesions have been known to cause spasticity 
m the chimpanzee (15, see reference 3, p 410) But recently Browder re- 
ported a reduction m spasticity and resultant improvement m motor status 
m two of three hemiplegic patients when surgical ablation of the postcentral 
area was performed (1) 

In the present expenments the effect on spasticity, flacadity and paresis 
of smgle or combmed ablations from the various parts of the sensorimotor 
cortex have been studied Areas 6, 4 and the postcentral gyrus containmg 
areas 3-1-2 have been removed m various combmations No attempt was 
made to differentiate area 4s from area 6, and the two regions included to- 
gether have been here designated as area 6 

MATEHIAl, AND METHODS 

Fourteen pnmatea were utilized, i c , 9 Macaco mulatto, 3 Cercocebus torquatus aiya and 
2 chimpanzees Four other mangabeya were used for comparison, following bilatanl re- 
moval of area 6 alone (16) The results were compared with the findings on a large number 
of aiumals previously operated upon in the Laboratory which had had primary ablations 
from these cortical areas 

All cortical excisions were performed ivith aseptic technique under sodium amytal 
anesthesia according to the method long in use in the Laboratory Cortical tissue was dis- 
sected with a spatula or a pledget of moist cotton after thermocoagulation of surface ves- 
sels Retraction was applied only to tissue which was to be excised and gentle suction was 
used to remove cortex adjacent to sulci so that the pia in the sulcus was not disturbed 
Hemostasis was obtained by the use of electncal coagulation, silver chps and warm, moist 
patties Only rarely was electncal stimulation used to delimit cortical areas Instead, abla- 
tions were made according to landmarks on the surface of the cortex as shown in the illus- 
trations (Fig 1, 2) The division between areas 4 and 6 is alivays questionable unless iden- 
tified by the technique of Dusser de Barenne and McCulloch using suppression as the qual- 
ity identifying area 48 Two types of ablation from area 4 were therefore made One, a larger 
one extending through the excitable motor area of the precentral gyrus, the other, limited 
only to the anterior hp of the central sulcus 

Observations on gait, posture, motor and reflex status were made at frequent intervals 
before and after operation 

Experimental Data 

Because of limitations of space only abstracts of protocols of selected 
ammals have been appended 

A Primary lesions 

Primary lesions of smgle parts of the sensorimotor areas of the cortex 
were made m the imtial stage of each experiment The results of such lesions 
confirmed entirely the effects described by previous mvestigators following 
Riimlnr lesions (2, 4, 5, 6, 7) They are here summarized 

1 Excision of area 4 caused severe contralateral hemiparesis which un- 
proved gradually and mcompletely Resistance to passive movement of the 
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either of these lesions caused contralateral spastic paralysis as well (Expts 

2 , 4 , 6 ,) „ , 

4 Following simultaneous bilateral destruction of area 6 or areas 6 and 
48 four mangabey monkeys exhibited spastic paresis in flexion of all four 
extrermties m addition to tremor This has been descnbed m detail elsewhere 

^ 5 Primary mjury to the parietal areas resulted m contralateral hemi- 

paresis which was more severe m the chimpanzee than m the monkey In the 
former Hrmnnl there was complete flaccidity and recovery of movement oc- 
curred almost simultaneously m all parts With motor recovery "tone” 
returned to normal and only shght residual paresis remamed In the monkey 
hemiparesis was accompanied by transiently diminished resistance to passive 
movement (Expt 3) 

B Combined lesions 

Successive or simultaneous ablations of the motor and sensory areas 
showed that, m monkeys, mjury to the parietal lobe neither protected 
against subsequently mduced spasticity nor caused flaccidity when the 
motor areas had been previously excised (Expts 1, 2, 3, 6) An exception 
to the latter pomt was, however, observed One monkey showed flaccid 
paralysis when panetal ablation was superimposed on an old spasticity, more 
recently accentuated by ipsilateral area 6 ablation It is probable that m this 
experiment, durmg the long period of recovery from the effects of the first 
operation, reorganization m the nervous system caused the response to 
panetal mjury to simulate that of an mtact animal Most often preexistmg 
spasticity was unaltered by subsequent destruction of the panetal areas m 
monkeys although a few animals showed shght change (Expts 1, 2, 3, 5) In 
the chimpanzee, however, frontal lobe spasticity and paresis were greatly 
mtensified by subsequent postcentral excision and marked bilater^ty of 
this effect was noted (Expt 6) 

A more dehcate test of the relation of the sensory areas to spastiaty is 
the successive ablation of area 4 and the postcentral gyms When, in the 
monkey, postcentral ablation was performed subsequent to destruction of 
area 4 the contralateral arm became flexed, adducted and senupronated and 
resistance to passive movement at the intermediate and distal jomts became 
mcreased after an mterval of several weeks The opposite experiment was 
performed m the chimpanzee Here area 4 ablation was superimposed on abla- 
tion of the postcentr^ gyrus with precisely the same effect on posture and 
"tone” m the mvolved arm after a somewhat longer delay (Expts 1, 3) 
Confirmation of some of these physiological findmgs appeared on histo- 
logical exammation of the degeneration m the direct corticospmal fibers 
The degeneration of fibers m the pyramids and m the dorsolateral column 
of the spmal cord was very different m those animals having complete hemi- 
spherectomies from that m animals havmg removal of the motor areas only 
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Fig 2 Comparative degeneration in the pyramids of two monkeys, one (upper) following 
ablation of areas 4 and 6 the other after total homispherectomy Woiffort stain 
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SPASTICITY AND FLACCIDITY 

1 Damage to predominantly extrapyramidal cells is folio-wed by mod- 

erate paresis with increased resistance to passive manipulation and hyper- 
active tendon refleses . 

2 If areas predominantly pyramidal are then added, spasticity is in- 
creased because additional extrapyramidal fibers are mjured and because 
the normal pyramidal influence on the final common path-way is removed 
as well 


CEliTHAL 

SULCUS 



Fig 3 Diagrain of pyramidal and extrapyramidal 
pathways The direct cells of the pyramidal tract are 
represented m the cortex as pyramids, those of the ex- 
trapyramidal as circles The size of these symbols rep- 
resents relative number of cells in each cortical area 

3 Smce, m man, the pyramidal tract is relatively more important tha n 
m the monkey and since cerebral dommance is greater m the extrapyramidal 
sphere also, the flaccid stage which follows immediately after interference 
with direct corticospinal connections to antenor horn cells is more profound 
and enduring But, when this stage is past and the final common pathway 
becomes again capable of being influenced by the released, subcortical re- 
gions, spasticity from cortical injury becomes more pronoimced m map than 
m the monkey 

The findings of Browder, that postcentral ablation, in man, diminishes 
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Thus, in the medullary pyramid there was complete degeneration of all 
fibers when one hemisphere had been removed, but following extirpation of 
areas 4 and 6, the degeneration was only moderate (Fig 2) When the post- 
central g 3 rrus was added to the motor areas, the degree of degeneration lay 
between the two above extremes In the dorsolateral tract of the cord re- 
moval of areas 4 and 6 caused relatively shght loss of active fibers and even 
hermspherectomy did not produce complete degeneration The existence 
withm the "pyramidal tract” of the cord of extrap 3 Tamidal fibers with cells 
of origm below the cortical level is thus mdicated by the difference between 
total number of fibers showmg degeneration m the tracts at medullary and 
spmal levels m the same animal 


Discussion 

The alterations in resistance to passive movement produced by specific 
cortical lesions m these monkeys and chimpanzees have been consistent 
throughout the senes and agree with the observations of many previous m- 
vestigators They therefore warrant consideration from the standpomt of 
their physiological significance In this mvestigation as in others, however, 
the difficulties of makmg categoncal statements m the presence of findings 
which are both changmg and vanable must be recognized In the monkey, 
the change m posture, muscle and reflex status which follows circumscnbed 
cortical mjury are never extreme except dunng the first few postoperative 
days Increased resistance to passive mampulation of the ei^rmties, for 
example, usually is shght or moderate m degree Furthermore, there is a 
certam range of vanabdity m these changes both between different animals 
and m the same ammal at different times It is a well recognized fact that the 
same vanabdity is present m both anthropoid apes and man although symp- 
toms are always more marked here, and the changes are magnified because 
the cerebral cortex is more highly and complexly organized 

In Fig 3 are outhned the anatomical pathways necessary m order that 
cortical lesions may produce the states of flaccidity and spasticity which 
have occurred m the present experiments As shown m the diagram, the 
pyramidal fibers act directly upon the motor cells of the cord at or near the 
final common pathway, to direct the fine vohtional muscle movements The 
extrapyrarmdi fibers, m contrast, act on sub-cortical centers of more com- 
plex function, mtegratmg there the postural and locomotor adjustments 
When the predommantly pyramidal regions are excised profound alterations 
m the status of the anterior horn cells occur and flaccidity results unless the 
extrapyramidal regions have been mjured also If this last occurs after the 
ventral horn cells have undergone "recovery” from the removal of pjnramidal 
mflucnce, both paresis and spasticily are augmented These differences and 
changes were found to be more defirate m the chimpanzee than m the 
monkey and chmcal material mdicates that m man the effect of cortical le- 
sions m producmg spastic and flaccid paralysis is even greater It can there- 
fore be hypothecated that m the monkey, chimpanzee and man, mjury to 
the cortic^ motor areas is effective m the foUowmg maimer 
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Postoperative notes 1st day The animal sat and stood with the nght arm dangling at 

Its side The right leg was dragged m walking , ^ 

3d day There was marked impairment of movement on the right 1 he right am 
was not used in walking or chmbmg but hung at the animal’s side The dorsum of the 
nght foot was dragged along the floor m wallong No fine movements were seen on the 
nght There was sbght increase m resistance to passive movement m the nght extremi- 
ties at the most promnal jomta but m the distal jomte resistance was diminished, the 
nght knee jerk was more active than the left 

7th day 'ITiere had been no change m postural, motor or muscle status 
l^th day Movement had improved so that the cage side was sometimes grasped 
by the nght hand m chmbmg Posture was unchanged and the fingers of the nght hand 
were relaxed, neither flexed nor extended Muscle status was unchanged The nght 
knee jerk was more active than the left 

2d operation July 2, 1943 The left postcentral gyrus (areas 3, 1 and 2) was removed by 
subpial sucbon 

4th day Movement on the nght was more severely impaired than before the sec- 
ond operation Fme movements were not seen and the nght am and leg were fi-e- 
quently misplaced m walkmg Resistance to passive movement was, as before, shghtly 
increased m the proximal portions of the nght am and leg but decreased at elbow, 
knee, wnst and ankle The nght knee jerk was more active than before operation 
6th day For the first time the fingers and wnst on the nght side showed an m- 
creased resistance to passive movement The fingers were flexed at mterdigital jomts 
and neither flexed nor extended at the metacarpophalangeal jomts 

Subsequent course The animal’s nght arm assumed the semiflexed "hemiplegic” 
posture but as movement improved this largely disappeared Sbght atrophy was noted 
m the nght leg The hyperactive nght knee jerk persisted Resistance to passive move- 
ment of the extremities returned to nomal 

September 23, 1943 The ammal was sacrificed and autopsy was perfomed All 
viscera were grossly normal 

Anatomical note The bram weighed 100 gm There had been clean ablations of the 
antenor and postenor bps of the central sulcus Nissl sections showed a small circum- 
scnbed lesion mvolvmg only the gray matter about the central sulcus Some Betz cells 
were seen both antenor and piostenor to the lesion Marchi sections revealed degenera- 
tion of one pyramidal tract m medulla, pons and cord 


Summary After ablation of area 4 on the left, this moiikey showed a 
nght hemiparesis with flacad distal joints but shght increased resistance to 
passive movement m the most proximal ones The nght knee jerk was hyper- 
active After ablation of the left postcentral gyrus there was delayed and 
transient mcrease in resistance to movement of the nght distal jomts and 
the arm, previously hangmg straight at the side, assumed the semiflexed, 
"hemiplegic” attitude 


Experiment 2 First operation Ablation of It areas4and6 Spastic hemiparesis with recovery 
except for fine movements on rt side Second operation Ablation of rt area 6 Accentuation 
of rt paresis and addition of shght paresis on It Transient increase in resistance to passive 
movement in all extremities Third operation Ablation of H postcentral gyrus Accentuation of 
It paresis with addition of proprioceptive deficit Slight transient increaseinspasticity (R S 23) 
1st operation May 3, 1943 Areas 4 and 6 on the left u ere excised 
PostopmUvenotes 7th day The nght hand and foot were used mfrequently and poorly 
and the toes on that side often became caught m the wue cage bottom Rossohmo’s 
sign VM ehat^n the nght 'The left knee jerk was more active than the n^t 

15th do) The animal uas active but did not use the nght arm for support 'The 
Than the shghtly extended and the nght knee jerk was mom active 

“iL aCTe^ed extremtiM were used fairly accurately and with speed 
8 support Fme movements were, honeveT^- 
ficient Rossohmo s sign was demonstrated on the nght and shghtly increased resist- 
ance to passive movement of the nght extremities j 
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preexisting spastiaty must be explained by this fact of relative dominance 
of the p 3 Tairudal system It would account for a temporary flaccidity but 
not for an endurmg one unless the final common pathway is so affected by 
pyraimdal mjury that complete paralysis and immobihty of the hmb re- 
sults In the chimpanzee such a procedure caused, eventually, greater spas- 
ticity than m the monkey The histological data have been offered here 
merdy as confirmation of the fact that neither pyramidal nor extrapyramidal 
fibers are confined to the true motor areas All evidence presented is thus m 
harmony with the statement of Fulton (3) who writes ” the mtensity 
and duration of spastic resistance are functions, not of any area, but of the 
extent of mterruption of the extrapyramidal cortical projections ” 

Summary 

Observations on the state of spasticity or flaccidity have been made in 
monkeys and chimpanzees foUowmg cortical ablations 

1 Primary removal of the vanous cortical areas has confirmed observa- 
tions made by previous mvestigators 

a Removal of area 6 (mcludmg area 4s) was followed by moderate 
paresis which is spastic m nature 

b Removal of area 4 or of the anterior hp of the central sulcus was 
followed by paresis without spasticiiy 
c Removal of the postcentral gyrus or of the postenor hp of the 
central sulcus caused flaccidity, transient and with some paresis 
Symptoms were more marked m the chimpanzee than m the 
monkey. 

2 Successive removal of vanous of these combmed areas caused changes 
as follows 

a The ablation of areas 4, 4s and 6 either together or senatim m any 
sequence resulted m immediate spastic paresis 
b The addition of the postcentral gyrus to ablation of any areas pro- 
ducmg spastiaty mcreased paresis Spasticiiy was usually m- 
CTeased m the monkeys, although this was not as marked In the 
chimpanzees, after a short miti^ penod of marked flacad paresis, 
defimte spastiaty appeared 

c Combmed lesions of area 4 and the postcentral gjons result m 
spastiaty 

d The addition of any contralateral motor area to a primary lesion 
causmg spastiaty mcreased this spastiaty 
e Removal of an entire hemisphere secondary to ablation of areas 
4 and 6 m the monkey augmented the spastiaty and paresis to 
greater degree than did ablation of the postcentral gyrus 

ABSTRACTS OF PROTOCOLS 

Experiment 1 let operation Ablation of It area 4 Right hemiparesis with improvement 2d 
operation Ablation of It postcentral lip Sl^ht accentuation of paresis and increase in resist- 
ance to passive movement of rt extremities (R S 34) 

let operation June }8, 1943 A subjpial abJatjon of arpa 4 on the left was performed 
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4th da} The nght arm and leg were still not moved spontaneously and that side of 

the body was flaccid , , , m. 

7th day For the first time smce operation the animal stood up T. ms was accom- 
plished by supportmg itself with the left hand The nght arm was held partaUy 
flexed Clunbing was also done but all the strength and movement was supphed by the 
left arm and leg Some shght resistance was met m movmg the nght extremities 

8th day The nght hemiparesis contmued but now the animal occasionally moved 

the arm Movements of the fingers were performed as well as gross movements Weight 

was not borne well on the nght leg and this member often assumed a grotesque posi- 
tion The nght arm and leg were flaccid except dunng apparently voluntary movement 
A positive Babmski reflex was demonstrated 

10th day Motor abihty was improved in the nght arm so that it was able to grasp 
food with the hand and carry it to its mouth Resistance to passive mov'ement was 
less on the nght than on the left side 

14th day No change smce the last examination 

Interval course Improv ement contmued Posture and muscle status became nor- 
mal on the aS'ected side The only residues were dorsiflexion of the nght toes, sbght 
draggmg of the nght leg m wallong and the use of the left hand m preference to the 
nght Resistance to passive mampulation contmued less on the nght than on the left 
side m both arm and leg The propnoceptive deficit which had been previously dem- 
onstrated by the animal m feedmg and ma inta inin g posture became imdetectable ex- 
cept that occasionally the nght arm and leg would be held m unusual positions 
2d operation July 20, 1943 The entire area 4 on the left was excised 
Postoperative notes 1st day The a nimal lay on the nght side but sat up when ap- 
proached The nght extremities were nearly flaccid and no movements were seen on 
that side 

2d day Large movements of the proximal jomts were now performed on the nght 
and these extrermties were flaccid The arm hung hmply at the animal’s side 

7th day There was further improvement m motor status, i e , wallong and climb- 
ing were now performed The nght extremities did not bear weight in chmbmg, how- 
ever Resistance to passive movement was about normal on the nght 

Interval course Improv'ement contmued and the nght hand was used in eatmg 
when the other hand was occupied and for chmbmg and scratchmg The nght knee 
jerk was more active than the left On the 27th day it was noted that the nght arm was 
frequently held flexed, adducted and sermpronated and that resistance, particularly 
to extension was mcreased When last exammed April 22, 1944 the only postural deficit 
was shght hyperextension of the nght metacarpophalangeal jomts When excited, 
however, the nght arm reverted to the flexed, adducted and sermpronated posture 
Resistance to extension of the nght arm was shghtly mcreased 


Summary Right flaccid hemiparesis resulted from ablation of the left 
postcentral gyrus in this chimpanzee Recovery occurred almost simultane- 
ously in all parts of the body and was nearly complete Resistance to passive 
movement of the extrermties gradually returned to normal Subsequent abla- 
tion of area 4 on the left caused hemiparesis, imtially flaccid but after nearly 
4 weeks spastic m nature Resistance to passive mampulation appeared m 
the nght arm and that member assumed the "hemiplegic” attitude 


Exf^iment 4 First operation Ablation of It areas 4 and 6 Rt spastic hemiparesis with 
^dual and incomplete recovery Second operation Ablation of rt area 4 Bihteral spastic 

hemiparesis with greatest spasticity on rt (R S 21) 

1st operation April 16, 1943 Areas 4 and 6 were excised on the left 
PostopervtaeMte 2d day No voluntarj' movements were observed m the affected 

semifleied and the nght leg, flexed Resistance to pas- 
^ j '’^bremities was shghtly mcreased 

to acute flexion and showed mcreased resistance 

to mov ement The nght leg was not spastic, howev er 

Forced graduallj improv ed but no fine mov ements were noted 

ma^^tL W 8 V, ere present on the nght Spasticity nev er became 

marked m the leg but continued for a time in the nght arm Knee jerli w ere activ e 
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Interval course Improvement contmued but no fine movements were seen on the 
right and the left extrermtiea were used in preference where this was possible Reflex 
grasp was present m hand and foot The knee jerks were equal and resistance to passive 
movement returned to normal 

2d operation June 22, 1943 Area 6 was removed on the nght 

Postoperative notes 2d day The animal was generally hypoactive The left hand was 
used in preference to the right but finger movements in both hands were not accurate 
Chmbingwas impeded by reflex grasp on the left side Resistance to passive movement 
of the extremties was normal or shghtly increased bilaterally, the nght knee jerk was 
more active than the left, reflex grasp was present bilaterally 

3d day Postural, motor and reflex status was unchanged except that there was a 
definite increase in resistance to passive movement of all extremities 
4th day Activity had increased but no defimte changes were noted 
Interval course Dunng the next two weeks the bilateral paresis continued In- 
creased resistance to movement of the extremities continued, was variable, then dis- 
appeared on the nght but remained to slight extent on the left The right knee jerk 
remained more active than the left 

3d operation July 9, 1943 The right postcentral gyrus was ablated 
Postoperative notes 3d day The left arm was held flexed, pronated and adducted 
Movement was greatly impaired and proprioceptive deficit was marked There was 
left homonymous hemmnopia and diminished response to tactile stimulation on the 
left There was no increase in resistance to passive movement of the extrermties Knee 
jerks were active and equal 

4th day In walkmg the extremities were raised high ofl" the floor Resistance to 
movement of the left extremities was now increased and the left knee jerk was more 
active than the nght 

5th day The increase noted in resistance to passive movement of the left extremi- 
ties was now only shght and the knee jerks were equal 

Interval course Movements showed some improvement but the gait was charac- 
terized by hopping rmd overstepping, chmbmg was impeded by prolonged grasp The 
knee jerks were equal and active and resistance to manipulation was not increased m 
the extremities The legs were held flexed when the animal was m the sittmg posture 
September 25, 1943 The monkey was sacrificed 

Anatomical note The bram weighed 85 4 gm The operative lesions were discrete 
except that area 4 had been shghtly damaged on the nght 

Summary This eimmal showed nght hemiparesis, reflex grasp and spas- 
ticity following ablation of left areas 4 and 6 Improvement was gradual and 
mcomplete Ablation of nght area 6 was followed by left hemiparesis with 
transiently mcreased resistance to passive movement on that side and tem- 
porary accentuation of the nght spastic hexmparesis Subsequent ablation 
of the nght postcentral gyrus resulted m mcreased paresis and great propno- 
ceptive deficit on the left and m shght and transient mcrease m spasticity 
on the nght 

Experiments First operation Ablation of It postcentral gyrus Left flaccid hemiparesis with 
almost complete recovery Second operation Ablation of rt area 4 Initial flaccid hemiparesis 
followed by mild spasticUy in rt arm (C 108) 

1st operation May 6, 1943 A large piece of postcentral cortex weighing 6 2 gm was 
removed The dissection was earned to the depth of the mterpanetal sulcus and was 
extended over the medial surface of the hemisphere to mclude all the postcentral gyrus 
At operation corticopial adhesions about the size of a mckel were seen over the frontal 
cortex, possibly mdicatmg previous trauma, although no bone fractures could be seen 
Postoperative notes 1st day The animal lay on its back and the nght extremities would 
fall wherever they were placed Pew movements were performed The left hand ac- 
cepted food and earned it to its mouth The nght arm and leg were flaccid and the knee 
jerk was not ehcited on that side 

3d day Right flaccid hemiplegia continued Movements on the left were well per- 
formed but were slow 
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Summary Following ablation of areas 6, 2 and 5 on tbe left this monkey 
showed mild spastic paresis m the contralateral hmbs Further mjury to the 
left parietal lobe caused transient accentuation of the propnoceptive deficit 
but did not modify muscle status 

Expt 6 First operation Ablation of It area 4 and 6 Right spastic hemiplegia with partial 
recovery Second operation Ablation of H area 6 and part of 4s Left hemiparesis and accentu^ 
ationofrt paresis and spasticity Improvement Third operation Removal of It paneial areas 
Increase of paresis and spasticity on rt Fourth operation Removal of rt parietal areas. 

Quadnplegia with spasticity most marked on rt (.C E) 

1st operation November 14, 1938 After stimulation of the cortex, tissue corresponding 
to areas 4, 4s and 6 was excised on the left 

Postoperative notes Day of operation There was deviation of the head and eyes to the 
left The right arm was held adducted and flexed and the wnst was flexed The right 
leg was flexed also 

2d day Resistance to mampulation of the extremities was increased on the right 
side Paresis on the right was profound The posture of the arms and legs re main ed 
the same Reflex grasping was demonstrated in the right hand and foot The head and 
eyes were no longer deviated 

4th day Movement was improving but the animal was not able to bear weight on 
the nght leg Posture and muscle status were unchanged 

Bth day Posture was unchanged and movement was shghtly improv ed The arm 
was still not used well Resistance was a little greater on the right than during the last 
examination The knee jerks were equal and toe jerk was more pronounced on the right 
There was reflex graspmg on the nght 

Interval course There was a gradual improvement m the hemiparesis Tendon re- 
flexes became mcreased on the nght and remamed so Posture on the nght became 
nearly normal but the toes on that side remamed plantar flexed and when the anim a l 
became exated the nght arm assumed the flexed, adducted and sermpronated posture 
Increased resistance to passive movement on the nght gradually decreased but did not 
entirely disappear Fme movements never returned to the nght hand and the left was 
used instead for eatmg and scratchmg Atrophy in the nght arm and leg was marked 
2d operation April 12, 1943 Area 6 and part of 4s were removed on the left 
Postoperative notes 1st day There was left hemiparesis and spasticity on the nght was 
greatly accentuated Reflex grasp was demonstrated m the nght hwd and foot The 
knee jerk was active on the nght, absent on the left 

2d day The animal was hypomotlle and sat m the cage with legs partially flexed 
It was dismchned to bear wei^t on the nght leg Resistance to passive movement of 
the nght arm and leg was extreme, on the left side it was moderately increased 

3d day There was httle change The nght arm was now held flexed The nght knee 
jerk was more active than the left and Hoffman’s and Rossohmo’s signs were ehcited 
on the nght side 

Interval course Movement improved and m the left hand fine movement reap- 
peared Resistance to passive movement of all extremities became less marked so that 
on the nght side it was shghtly to moderately mcreased and on the left it was normal. 
3d operation May 17, 1943 Tlie left areas 3, 1, 2, 5 and 7 were removed Area 8 was 
shghtly mjured because of dural adhesions during the elev ation of the bone flap 
Postoperative notes 1st day There was deviation of the head and eyes to the left and 
shght nght facial weakness The nght limbs were held in grotesque positions and on 
that side mov ements were poorly performed and weight was not home The nght arm 
and leg were but shghtly resistant to passiv e movement 

^‘^day The nght arm and leg were now greatly resistant to passive movement and 

the nght arm was held m the "hemiplegic” attitude 

Intcnal course Movement unproved and the spasticity on the nght became less 
mfi rkou but remained 


4th operation July 29, 1943 The nght postcentral gyrus was remov ed 
Po^operatn-e notes 3d day The animal lay in the cage and was onlv able to roll ov er to 

held supporting Itself on the cage side 'The arms were 

held fl«ed and the fingers on the nght were extended Resistance to passiv e mov ement 
w ns extreme on the nght and moderately sev ere on the left ^ 
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2d operation June 9, 1943 Area 4 on the nght was excised 

Postoperative notes 1st day The animal sat in a half kneehng position with legs flexed 
Occasionally the dorsum of the left foot was used to bear weight Several small, slow 
steps were taken Resistance to passive movement was increased m all extremities and 
this was most marked on the left Forced grasp was present bilaterally 

2d day Walking could not be performed wthout fallin g Resistance to movement 
of the legs was increased but not as much as on the preceding day Placmg responses 
could not be elicited 

5th day The ability to stand and walk had been lost The animal lay on either side 
with the undermost leg extended and the uppermost extremities flexed On the left 
spastic resistance was not increased, on the right, slightly so Knee jerks were equal 
6th day The nght extremities were now markedly resistant to passive movement 
and on the left resistance was slightly increased 

June 22, 1943 Autopsy Both lungs showed extensive areas of nodular hardemng 
and the hdar lymph nodes were enlarged apparently from tuberculosis 

Anatomical note The brain weighed 78 gm The operative lesions were confirmed 
grossly 

Summary This animal developed nght spastic hemiparesis foUowmg ab- 
lation of left areas 4 and 6 The arm was more severely spastic than the leg 
Recovery was gradual and fine movements did not return Subsequent abla- 
tion of area 4 on the nght caused accentuation of paresis and spasticity on 
the nght and added left spastic hemiparesis 

Experiments First operation Ablation of It areas 6, 2 and 5 Paresis, proprioceptive deficit 
and increased resistance to passive movement on rt Second operation Ablation of It poster or 
parietal cortex Transient increase in proprioceptive deficit Increased resistance to passive 
manipulation not changed by operation (JR S 30) 

1st operation June 4, 1943 The left hemisphere was exposed and areas 6, 2 and 6 were 
removed In order not to damage area 4, the posterior bp of the central sulcus — largely 
area 3, — was left mtact 

Postoperative notes 1st day The right arm was held stiffly extended and was not used 
in voluntary movement Weight was borne on both legs Response to touch was 
diminished on the right side 

3d day The animal eat m the cage with the nght arm partially flexed The fore- 
arm, hand and fingers on the nght were held in the same plane Only gross movements 
were performed on the nght Resistance to passive movement of the nght arm and leg 
was increased and the nght knee jerk was more active than the left 

6th day Resistance to passive movement of the nght arm was still mcreased but 
both lege showed normal rraistance 

8th day Posture and movement had not changed Resistance to passive movement 
was now increased m aU extremities but this was more marked on the nght 

11th day Skill had improved Resistance to passive movement was increased m 
all extremities but this was more marked on the left 

2d operation June 17, 1943 The postenor portion of the left panetal lobe, areas 6 and 
7, was removed 

Postoperative notes 1st day A great mcrease m propnoceptive deficit was observed on 
the nght There was a nght homonymous hemianopia Resistance to passive mampu- 
lation was shght on the nght 

4th day The animal sat with the nght arm semiflexed All extremities were resist- 
ant to movement but this was shght on the nght 

8th day No change m muscle status had occurred The nght knee jerk was exag- 
gerated 

16th day Propnoceptive deficit was less marked and the animal ran and climbed 
with agihty The nght arm showed mcreased resistance to passive movement The legs 
showed equal resistance 

September 23, 1943 The animal was sacrificed and autopsied All viscera were nor- 
mal 

Anatomical note Examination of the bram confirmed the operative lesions 
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Inteoduction 

AnaIiTSES of parietal lobe functions in animals have for the most part been 
made without regard to limits of mdividual panetal areas, and have been 
based chiefly on results of ablations of gyn or of greater amounts of cortical 
tissue In the macaque five areas m the panetal lobe havmg discrete cyto- 
architectural characteristics, as well as differences m their afferent and ef- 
ferent fiber connections, have been descnbed (19, 26) Hughhngs Jackson 
beheved that such difference m structure mdicated differences m function 
Studies of physiological disturbance resultmg from removal of the individual 
panetal areas should then prove of mterest Such studies m macaques form 
the basis of this report and include observations m "acute” and "chronic” 
preparations 

Among the eaxhest reports of experimental ablations of the panetal lobe 
are those of Grunbaum and Shemngton (9, 10) They found that large abla- 
tions of the postcentral gyrus of the higher apes did not result m paralysis 
Brodmann (2) also failed to note paralysis, but mentioned hypotoma after 
postcentral lesions m Cercocebus monkeys Vogt (25), Lewandowsky and 
Simons (15), and Rothmann (20) studymg effect of postcentral lesions m 
macaques, descnbed ataxia and disturbed sensibdity without paralysis, but 
with a reluctance to move the hmbs opposite the lesion Rothmann m addi- 
tion descnbed awkwardness of the contralateral hand and fingers and an 
imtial dimmution of tactile sensibihty followmg extirpation of the "supra- 
margmal” gyrus (area 7) Minkowski (17) usmg Macaco mulatto performed 
several types of panetal ablations and concluded that tactile sense and deep 
sensibdity were represented pre- and postcentrally, that cutaneous sensibd- 
ity providmg discnmmation was represented m the postcentral gyrus chiefly 
but also m other panetal areas, and that pam sense and its localization had 
an extensive cortical representation Ruch and Fulton (21, 22), m the course 
of an mvestigation m monkeys, and chimpanzees and man of cortical repre- 
sentation of the abdity to disc n m m ate small differences m the magmtude of 
lifted weights, suggested that the mfenor panetal lobule represents the high- 
est level of sensory mtegration Ferraro and Barrera (6) removed "postcen- 
tral convolutions” from ten monkeys (M mulatta) and descnbed early im- 
pairment of sense of position and of movement, hypotoma, apparent mcrease 
of deep reflaves, and loss or d imin ution of the hoppmg and placmg reflexes 
Kennard and Kessler (14) m their report of both unilateral and bilateral 
panetal ablations, descnbed a "motor deficit,” characterized by disuse. 
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4th day Movements were gross and inaccurate bilaterally Muscle status had not 
changed 

5th day Standing and walking could now be performed with support There had 
been no other change 

Subsequent course Motor status improved so that walkmg was performed with 
less and finally without support Individual finger movements reappeared on the left 
but only gross movements were ever seen on the right Resistance to passive movement 
remained increased on the right but on the left became less marked Deep reflexes were 
hyperactive bilaterally 

September 28, 1943 The animal was sacrificed and autopsy was performed All 
viscera were normal 

Anatomical note The operative lesions were confirmed by gross and histological 
examination In addition there was a small area of softemng in area 8 on the left 

Summary This immature female chimpanzee showed nght spastic hemi- 
plegia foUowmg ablation of areas 4 and 6 on the left Recovery was gradual 
and mcomplete Five years later area 6 and part of 4 F were excised from the 
nght cortex causmg left spastic hemiparesis and transient accentuation of 
paresis and spasticity on the nght panetal ablation caused a further 
mcrease m paresis and spastiaty on the nght side FoUowmg ablation of the 
nght postcentral g3TU3 aU extremities showed extreme paresis and spasticity 
which were more severe and persistent on the nght 
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passively irresponsive to even severe stimuli, while again they responded quicUy to mild 
stunulatiOB Repetition of the eMumnation under good emotional conditions with repeated 
similar results scrs'ed to indicate the changes present after parietal ablation Examination 
of the sensory status mcluded response to pm pnck, to tactile stimuh usmg cotton or food 
particles, and the response to abnormal passii e posturing of the limbs (lower) The response 
to pm pnck was evaluated either by facial grimace, withdrawal of the part stimulated or 
use of wardmg off movements with the limbs, or imtiation of scratching m the vicmity of 
the stimulus Appreciation of localization of stimuh was evaluated by the locus of an area 
scratched m response to a pm pnck, and by the graspmg of food particles and other objecta 
brought mto hght contact with parts of the monkeys’ limbs 

The hoppmg and placmg responses, propnoceptive and tactile, as outlmed by Bard (1) 
were tested m all animals, visual aid was avoided by use of a blmdfold It was hoped that 
these reactions would give information concemmg possible differential localization of tactile 
and propnoceptive stimuh Propnoceptive placmg reactions studied were those m response 
to di^lacement of the hmb, upper or lower, by bnngmg the hmb m contact with a sharp 
table edge Tactile placmg reactions mvolv^ contact between the dorsum of the hand or 
foot and a tuft of cotton, placed on a table edge Examinations were earned out m a qmet 
room and all phases of them were repeated several tunes 


Restilts 

Electrical stimulations 

The electrical stimulataons were useful in defining the areas in a general 
way Thus, it was usually possible to dehnut areas 5 and 7 from areas 
3-1-2, by the type of movement ehcited and the amount of (mrrent necessary 
to mduce it Areas 3-1-2, however, were not distinguished from one another, 
for, the movements obtamed from each of these three areas and the strength 
of the current necessary to ehcit such movements were similar Flexion 
movements of the contreilateral digits and/or of the distal jomts of the limbs 
were usually obtained from areas 3-1-2 by stimulations with 4 volts E M F 
Pomts over the postcentral gyrus, and especially area 3, from which move- 
ments of certain groups of muscles were ehcited, bore a fairly close relation 
to pomts over area 4 from which contraction of similar muscle groups were 
obtamed A greater strength of current was necessary to ehcit movement 
from areas 5 or 7 than from those three areas of the postcentral gyrus The 
movements ehcited from areas 5 and 7 were either elevation of the contralat- 
eral shoulder (sometimes both shoulders) and/or protraction of the entire 
upper hmb Movements of the thigh were not stuihed Contraction of mus- 
cles of the shoulder girdle were obtained only from the anterior part of area 
7 and the infenor part of 5 which hes along the anterior hp of the mtrapan- 
etal sulcus In those animals from which area 3 had been removed, subse- 
quent stimulation of area 4 ehated normal contralateral movements 


C) toarchiteclure and degenerations 

In the whei^port the cytoarchitecture of the panetal areas was described and a 
map, printed nas similar inmost respects to Brodmann’s (3) map for Cercapithecws 

not be repeated here, but whL necLary Sion^ 
be made to the pre\nous report The rapid myehn technique showed no efferent proiections 

rather lenfieS in every case th^^reSX^ 

1, va Wn' r n foUowxng the degeneration of fibers All the panetal areas 

have been to send association fibers to the adjacent cerebral lobes all sent manv 

commissural fibers bj waj of the corpus callosum toYhe symmetneal ^etl a^^d 
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dimmisiied resistance to passive movement, nonpersistent hyporeflexia, and 
awkwardness of movement, with a dimmution of tactde and propnoceptive 
senses, as demonstrated by placmg and hoppmg responses, particularly The 
larger the ablation the more senous was the "motor deficit ” Paralysis has 
m no mstance thus been found to foUow panetal extirpations of vaned 
amounts, certam losses m response to tactile and propnoceptive stimuh re- 
sult, and such loss presumably accounts for awkwardness of movement 

MATERIAL AND METHODS 

The present report embodies observations of eighteen young monkeys (Macaca mu- 
latto.), m which discrete removals of panetal tissue were performed (see Table 1) Ether 
anaesthesia ivas used for the operations and the cortical tissue was carefully removed by the 
use of a cataract kmfe and small spatula The hmits of the areas to be removed were deter- 
mmed in the early operations by use of Brodmann’s (3) maps for Cercopxthecus , subsequent 
studies of animals early m our own senes showed no reason for changmg the limits of the 
area to be ablated The area or areas to be removed were usually stimulated bnefiy with 60 
c per sec sme wave current (18) as an additional aid in determmmg the hmits of the abla- 
tion Area 4 was stimulated after makmg the panetal lesion to rule out any damage to 
motor cortex The largest ablations included areas 2, 1, 6 and 7 (lateral hemisphenc sur- 
face) , areas 1 and 2 were removed together, area 3, area 6 and area 7 (lateral hemisphenc 
surface) were removed mdividually 


Table 1 Table showing type of ablation and duration of observations 


Ani- 

mal 

Date 
of oper- 
tion 1 

Area (s) 
removed 

Duration 
of obser- 
vation 

Am- 

mal 

Date 
of opera- 
tion 

Area (s) 
removed 

Duration 
of obser- 
vation 

PI 

20 May 40 

1, 2, 6, 7 

21 days 

P12 

1 May 41 

7 

376 days 

P3 

27 May 40 

6 

21 days 

P13 

10 Sept 41 

6 

369 days 

P4 

3 June 40 

3 

21 days 

P14 

( 18 July 41 

1-2 

21 days 

P5 

6 June 40 

7 

21 days 

P16 

6 May 41 | 

1,2, 6,7 

21 days 

P7 

16 July 41 

3 

21 days 

P17 

26 Jime 41 

1-2 

368 days 

P8 ! 

27 Mar 41 

1-2 

21 days 

P18 

29 May 41 

6 

21 days 

P9 

1 Apr 41 

1-2 

21 days 

P19 

19 June 41 

1, 2, 5, 7 

368 days 

PIO 

9 Apr 41 

6 

123 days 

P20 

14 Nov 41 

1, 2, 6, 7 

21 days 

Pll 

21 Apr 41 

3 

j 381 days 

T3 

6 Jan 43 

7 

270 days 


Eleven macaques formmg an "acute” senes were sacrificed after three weeks, and ana- 
tomical studies of rune, with the use of the Marchi and Nissl techmques, were reported pre- 
viously (19) One animal died accidentally after four months, one was sacnficed after mne 
months, and five were killed after one year The rapid myelin stain (23) was used m the 
study of these last five "chrome” monkeys, one representing each t 3 rpe of ablation This 
techmque was supplemented at tunes with the cresyl violet stam for nerve cells 

Examinations and observations were similar for all eighteen ani ma ls They were 
observed frequently while they were free m their cages Their abihty m climbmg steps 
emd m walkmg and chmbmg an extended rope, when restrained by the upper or lower 
limbs respectively, was also tested A neurological examination was done at regular inter- 
vals Spontaneous movements were closely followed, movements of the digits mdividually 
and together and of smell muscle groups were particularly exammed, co-ordinative move- 
ments were observed and associative movements were sought The condition of skeletal mus- 
cle "tone” was carefully noted (resistance to palpation and to passive movements) 
flexes, tendon and superficial, were studied These were tested while the animal was seated 
m the chair, and observations were made on the biceps, triceps, penosteo-radial, knee, 
ankle, finger, toe, abdominal, and m some cases, the Gonda (8) toe rrfexes As is charactw- 
iBbc of monkeys, the emotional status of the animal at the tune of the examination sreaUy 
influenced the results obtamed m a sensory examination Some a nima ls at tunes would sit 
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fonnance with \tsiod Sweeping movements were frequently successful in getting food 
particles into the palm, but then poorly gauged individual contractions of the digits came 
into play and the food slipped through the fingers The affected hip, knee, and ankle were 
frequently flexed more than necessary in stair chmbing, dorsiflexion was insufficient, espe- 
aaffy at the ankle, to prevent the foot striking the step Too much protraction at the hip or 
flexion at the knee was noticeable in walking and excessiv e internal rotation of the thigh 
and abduction of the hallux caused the latter to strike the normal leg Searchmg for the rope 
in rope-walkmg or rope-chmbmg was seen and the foot or hand cither overshot or under- 
reached the rope Visual attention corrected all these faults, to the extent that the desired 
obiect was reached satisfactorily, though not as quickly as by the normal hmbs Rage or 
pleasure (as in graspmg food particles), howev'er, increased the accuracy and speed of the 
movement, perhaps through more careful visual attention Ataxia in face and head move- 
ments was not observed 

C Associated movements Associated movements of the affected limbs were observed 
frequently while the monkey was sitting m the chair These always accompamed strenuous 
contractions of the normal hmbs by which the animal was wardmg off the e x a min er or 
trying to gam somethmg beyond reach The associated movements were not complete 
mirrors of the purposive movement, rather partial patterns of those movements An ex- 
tension-ahduction mov ement of the normal upper hmb, for example, was accompanied by 
weak abduction of the affected shoulder, the arm usually bemg only partially extended at 
the elbow and the hand extended at the wnst and fingers Protraction and kickmg move- 
ments of the normal lower hmb were accompamed by weak protraction of the affected lower 
limb 

D Position of extremities at rest When the animats sat quietly, the affected extremities 
assumed "the paretic posture ” The upper bmb drooped at the shoulder, the arm was ad- 
ducted, rotated medially, the elbow shgbtly flexed, the wnst loosely extended and the digits 
weakly and loosely flexed at the metacarpophalangeal and mterphalangeal joints The 
lower hmb was extended loosely in front of the animal, partially flexed at the knee, weakly 
rotated (or fallmg) inward, and plantar-flexed at the ankle, the foot was shghtly inverted 
and toes plantar-flexed 

II CoNumoN OF "tone” IN SKELETAL MUSCLES A Resistance to passive movement and 
to palpation An hypotoma of the contralateral muscles was consistently present after re- 
moval of the paneW areas This was noticeable m the animal at rest, and was also observed 
by testing the resistance to palpation and to passive movement The distribution of the 
greatest hypotoma was discermble at rest m "the paretic postunng” assumed by the ma- 
caque especially dunng the first few post-operative days This posture has been described 
above The posture and the resistance to passive movement mdicated that hjqjotonia 
though present in all muscles was not equfdly distributed Proxunal muscles were more 
hypotonic than distal muscles The elevators and abductors of the shoulder, the external 
rotators of the upper arm, the extensors of the arm, the flexors of the wnst and fingers, and 
the extensors and adductors of the fingers were expecially hypotomc m the upper hmb 
The flexors and extensors of the thigh and leg were about equally hypotomc The external 
rotators of the thigh, the dorsi-flexors (extensors) of the foot, and the abductors and ex- 
tensors of the toes were more hypiotomc than them antagonists The muscles of the leg were 
usually more hypotomc than those of the arm The trunk muscles were not noticeably hypo- 
tonic The hypotoma observed immediately after ablation persisted unabated throughout 
the penod of observation 


B Reflexes, tendon and superficial Tendon reflexes were consistently changed after 
removal of the parietal areas They were characterized by an mcrease m threshold, and m 
Intent penod, and by an increase m scope or excursion, and a slowness of execution All 
tendon reflexes could be described as pendular In all the characteristics above the knee 
jerks w ere altered more than the others, or at least alteration was more easily demonstrated 
here AlUhcM changes of tendon reflexes persisted throughout the three weeks’ observation 
penod The Gondn reflex was not present in the animals in which it was tested 
Abdominal reflexes remained normal after all lesions of the panetal lobe 
111 Sensorv U3SS A Response to varied stimuli Response to pm pnek was always 
present even after large panetal ablations, but was delayed and requued a more intense 
contralateral Mf of the body More stnkmg than the delayed response 
ns the difficultj in lo^hzing the stimulus This was shown by the frequent scratching bv 
the normal or affected hand of a skin area on the affected side e.t^ pmx^l or 
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fewer fibers to non-homologoua areas All sent fibers to the n lateralis posterior, n ventralis 
posterolateralis and n ventralis posteromedial is of the ipsiloteral thalamus, fibers from ros- 
tral parietal areas terminated rostrad in these nuclei A few fibers originating in area 6 
ended in the n mediahs dorsalis All areas contributed fibers to the pontine nuclei of the 
same side, and also fibers via the pyramid to the spinal cord in which they accompanied 
the lateral corticospinal tracts of the same and the opposite side, crossed fibers being more 
numerous Areas 3-1-2, and to a less extent area 6, projected to lumbar levels of the oppo- 
site side, area 7 sent fibers to cervical levels only, area 3 sent a few fibers to ipsilateral lum- 
bar cord levels Fibers onginating in areas 3 and 5 terminated in the rostral third of the 
lateral zone of the substantia nigra Areas 6 and 7 sent fibers to the pretectal region, and 
area 7 sent a few into the supenor coDiculus 


Functional deficits 

Removal of all areas except 3 Four animals, PI, P15, P19, P20 Their 
early post-operative behavior was similar 

"ACUTE” 

I Motor performance A Spontaneous use of sheletal muscles Voluntary movement 
in the limbs contralateral to the lesion was at a minimum during the first three to four 
days Thesj extremities were rarely used except in locomotion or as support As early as 
three hours post-operatively, however, one animal was observed to wipe his face ivith the 
upper limb, the shoulder was abducted, the elbow and wnst joints were flexed and the 
fingers were flexed laxly into the palm, the entire hmb being used somewhat as a unit Food 
placed in the hand contralateral to the lesion was often removed by the normal one and ex- 
cept as a necessity the latter executed aU feeding performance The dearth of movement was 
not due to paralysis, for if the normal limbs were restrained and some interesting food 
article proffered, the monkey usually reached for it In cbmbing and in ordinary progression 
all extremities were readily used The monkeys appeared loath to move the hmbs opposite 
the lesion, rather than to have a paresis 

Differences in the performance of the limbs contralateral to the lesion and that of the 
normal extremities were noticeable Ataxia or an awkwardness of movement, a laxity and a 
slowness of movement were particularly noticeable Individual use of the digits as well as 
movements of small muscle groups were possible Grains of nee and bits of raisins could be 
picked up, but if some sweeping movement of the hand and fingers as a umt would suflice, 
or if the food could be reached with the head and teeth, one of these movements was used 
If the digits were used individually, and if the object were on a flat surface, the grain was 
obtained by opposition of the pad of the thumb against the radial side of the mdei finger 
near the base of the tenmnal phalanx Opposition and flexion of these two digits were used 
in obtaimng grams placed between the fingers of the examiner At the shoulder the neces- 
sary elevatio , abduction or rotation was performed and at the elbow joint, flexion or ex- 
tension accompanied the hand movement The hmbs were not used as smgle umts, but mus- 
cle groups were used synergically Movements of the shoulder muscles were slower and 
seemed to require more effort than those of the wnst and fingers All movements were exe- 
cuted more qmckly towards the end of the three weeks’ observation penod although at this 
time the activity of the affected hmbs lagged behind that of the normal side 

In chmbmg, the affected toes and fingers grasped the wire, but the hold was looser than 
that of the normal digits Stairs were climbed by the appropnate movements at the hip, 
knee, and ankle joints, rather than by movement of the entire hmb as a umt Flexion of the 
hip, knee, and ankle alternated properly with extension of these jomts The toes were 
loosely flexed or extended In rope walking, displacement of the foot through its contact 
with the rope sufficed to bring about graspmg of the rope by the affected toes but agmn the 
grasp was looser than that of the normal digits and frequently consisted of an adduction of 
any two digits between which the rojie hapjiened to strike This latter position was not 
usually corrected qmckly, occasionally, though, the hallux and other digits wrapped 
around the rope from opposite sides 

B Ataxia Ataxia m the movements of the hmbs contralateral to the lesion was ob- 
served throughout the three weeks’ observation period and was more etnkmg then the slow- 
nees and laxity of movement although seen only when the macaque did not follow his per- 
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over-actions might be mterpreted as "hyperpathia ” Tactile stimuli were recognized after 
eight months, but were not localized, and food particles brought mto contact were ap- 
parently not appreciated as such smce it did not usually grasp them on the side opposite 
the lesion Another consistent mdication of sensory loss, more m the nature of a deficit m 
propnoception, was the failure to correct bizarre positions of the limbs until he had noted 

them visually , ^ ,, 

B Hopping and placing reactions The hoppmg reaction was normal after a month 
Propnoceptiv e placmg was present after this tune also, but a greater angle of displacement 
at the thi^ and shoulder was necessary than m the normal side and the execution was 
slower and at times atanc, the foot stnlong the table too low The angle of displacement 
necessary to mitiate movement gradually became less during the first two months, then 
became fixed, but never decreased to the normal Although tactile placmg returned m mne 
months, its imtiation was delayed This findmg may have been due to the general slowness 
of motor performance and/or to an mcreased threshold and a slowness m perception of the 
stimulus Occasionally the movement was ataxic 

Ablation of area 3 and areas 1-2 Seven animals, three from area 3, P4, 
P7, Pll, four from areas 1-2, P8, P9, P14, P17 


"ACUTE” 

I Pebformance dubing 1st to 14th DATS Animals with removal o' area 3, and those 
with removal of areas 1-2 were similar and will be considered together The disturbances 
were at all times more serious foUowmg areas 1-2 ablations than area 3 ablations although 
their quabty and distribution were similar The two groups of animals m the early post- 
operative period were qmte similar to, but not as severely handicapped as, those with the 
largest ablations described above They were loathe to use the afferted hand, though they 
could when necessary Ataxia accompamed movements not followed visually Associated 
movements of extension and protraction of the arms frequently mirrored similar movements 
of the no rmal kmbs Hypotonia was present and its distribution resembled that described 
for the larger ablations Tendon reflexes were characterized by an mcreased threshold, they 
were slow m execution, and their scope was greater than those of the normah Superfici^ 
reflexes were unaltered Response to pm and hght touch was lost and there was a loss of 
placmg, m response to both tactile and proprioceptive stimuh, hoppmg was absent 

II Pebfokmakce dubing 14th to 21ct dats A remarkable improvement was noted 
by the end of two weeks No lack of desire to use the affected hand existed There was, how- 
ever, a slowness m its mov ements Ataxia was less The affected foot was not hfted as high 
m walkmg on a surface and was not as awkward m walkmg the rope as it had been Hypo- 
tonia and alteration of reflexes as to mcreased threshold and excursion persisted Response 
to hght touch was absent, and an object placed carefully m the hand was slowly grasped 
Response to pam was present but slower than normal, and localization of painful stimuh 
was impossible Placmg m response to tactile stimuh failed, placmg and hoppmg m re- 
sponse to proprioceptive stimuh had returned but the angle of displacement required at the 
thigh and shoulder was greater than the normal At the time of sacrifice the findmgswere 
similar 


"CHRONIC" 

I Motor performance After twelve months the "chrome” ammai (Pll) with abla- 
tion of area 3 resembled the one (P17) with removal of areas 1-2 Both were capable of 
quick, purposeful movements without atana when checked by vision. The animal with 
areas 1-2 removed, for example, caught with its band small bits of paper thrown at it 
and rarely missed It used either hand or foot at will m motor actinty There was no 

a tana when movement was watched In stair chmbmg and rope walkmg, howev er where 

each movement was not watched there was, after a year, some over-stepnmg of stens and 
searching for the rope t-teps ana 

II Condition of "tone”, reflexes Although hypotonia was sunilarlv distributed 

in each of these macaques it was greater m the 1-2 animaL The tendon reflexes m both of 
these Mcaques were pendular after a year and not as slow as they were m the first few n<vrf- 
oporahve months Again the area 3 ammai was less affected than the areas 1-2 an^^j 
Superficial reflexes vv ere equally activ e in each animal 
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to the point stimulated Impairment in response to pm pnck was greater over the extremi- 
ties than over the trunk, and in the extremities more so in the palm and sole A lowenng of 
threshold of the response was noted by the time of sacrifice of the "acute” animals. Re- 
sponse to tactile stimuli was impaired to greater degree than to pm pnck, for hght touch 
evoked no response, whatever Further evidence that tactile stimuh (among others) were 
imperfectly received was the failure of the animals to recognize and grasp food particles 
such as nee grams, nuts, and raisins, placed lightly in the affected palm Similarly, there 
was a failure to grasp any object brought into gentle contact with the sole or palm 

When the animals were at ease and relaxed, and paying attention to some object in the 
room, the affected lower lunb placed in a bizarre position was maintained until they caught 
sight of that extremity Immediately, the abnormal posture was changed to the normal, 

B Hopping and placing reactions Hopping and placing reactions, propnoceptive and 
tactile, were found useful m evaluatmg sensoiy loss No response was obtained in the 
hoppmg, propnoceptive or tactile placing tests in the early post-operative penod, but 
usually withm the three weeks’ observation penod, response to hoppmg and propnoceptive 
placmg had returned Both were slower than the hoppmg and placing performed by the 
normal limbs, because greater angles of displacement of the thigh and of the upper arm were 
required for the affected hmbs than for the normal extremities The movement itself was 
more slowly executed than that performed by the normal ones The existence of hypotonia 
caused ataxia in the placmg responses, errors m measurement and in direction were noted 
Tactile placing was absent m these animals at the time they were killed This was not a 
motor deficit because the affected foot frequently followed the normal limb m placmg m 
response to tactile stunuh 

"CHRONIC” 

I Motor performance A Spontaneous use of skeletal muscles The one "chrome” 
ammal (P19) from which areas 1, 2, 6, and 7 had been ablated showed gradual improvement 
durmg the year’s observation Preference was given to the normal hmbs when motor ac- 
tivity had to be earned out quickly, all four extremities were used interchangeably when 
angry It scratched with the two hands equally well and with s imil ar movements The 
quiet movement of the affected hmbs was slower than that of the normal ones No progres- 
sion of flexion and adduction occurred in the muscles of the fingers A vanety of decomposi- 
tion of movement was used, namely, a slow flexion, pause, slow adduction, or several move- 
ments of the same type, then several of the second type Alternate movements toward and 
from the object were performed at the shoulder, and alternate extension and flexion at the 
elbow and wnst were observed as the object was approached Slowness of movement and 
looseness of fixation of the joints were noticeable 

B Ataxia Ataxia remained, but was less noticeable than in the early post-operative 
penod 'The animal continued to under- or over-reach the object sought It contmued to 
strike the affected foot agamst the step m stair chmbmg, because it kept the toes extended 
loosely and the ankle partially ventnoflexed although flexion of the toes and dorsiflexion of 
the ankle was possible No associated movements were observed after the first month 

II Condition op "tone” in skeletal muscles A Resistance to passive movement, 
reflexes Hypotonia persisted in the muscles contralateral to the lesion and was equal m 
quahty and distnbution to that seen in "acute” preparations The mitial droopmg of the 
shoulder and loose extension in all the jomta of the lower hmb remamed unch^ged The 
tendon reflexes were always characterized by mcrease m threshold and the excursion 
though great was executed slowly by the arm and leg opposite the lesion, differences m 
threshold and excursion after a year, however, between them and those of the normal side 
were not as marked as at first 

B Atrophy The droopmg shoulder and the draggmg of the toes may have been due m 
part to atrophy Though no measurements or weights of the muscles were made there was 
an apparent difference m size between the hmbs of the two sides ’This was more noticeable 
in the hands and feet, the affected hand and foot appeared thmner than the normal, and the 
affected fingers and toes were more tapenng and lender 

III Sensory loss A Response to varied stimuli The response to pm pnck was m- 
terestmg, particularly amce the animal was very friendly and very easy to examme When 
pneked hghtly anjrwhere on the affected side it snarled, but it remamed impassive when 

E ncked on the normal side It was mdifferent to efforts to ehat a grasp m the normal 
and, by placmg a pencil or a finger m its palm, the affected hand was withdrawn These 
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I Motor performance, lower limb The sensory deficit was greater in the lower 
hmb than in the upper in these animals after four and tweh e months respectively The foot 
contralateral to the lesion was always used secondarily, the hands interchangeably Finger 
and toe movements were well executed Even after a year, atana accompamed mov^ement 
of the leg in stair-chmbing and in rope-walking, when the animal was not paying attention 
The lower hmb was usually insufficiently abducted at the hip, and insufficiently extended 
or flexed at the knee and ankle to avoid striking the stairs by the dorsum of the foot The 
rope was missed by the foot and toes in the first attempt at grasping for it A sbght as- 
sociated protraction or flexion of the affected thigh occasionally accompanied stretchmg or 
reaching movements of the ipsilateral arm in P13 

II Condition of ' tone”, reflexes Hypotonia in the affected limbs was more 
noticeable in the leg than in the arm, and more postunng was observed in the lower hmb 
than m the upper, though this was also sbght in the leg H 3 ^otoma was greater m the ab- 
ductors, the hamstrmgs, and the dorsiflexors of the foot than m the other muscles of the 
leg The tendon reflexes remamed for the duration somewhat pendular m the leg, in the arm 
they approached the normal The superficial reflexes were normal 

III Sensory loss Pm pnck was quickly recognized after the first three months 
Localization of pnck was never observed Recognition of tactile stunuh was present after 
three months, but food particles were not appreciated when brought into contact with the 
foot 

The hoppmg and propnoceptiv'e placing reactions had returned in the leg as well as 
in the arm after two months, but propnoceptive placmg even after a year required a larger 
displacement at the thigh m the leg contralateral to the lesion The response m the arm ap- 
peared normal Tactile placmg also returned in the leg as well as m the arm after three 
months, and the imtiation and execution of the response was slower than m the normal 
hmbs This was particularly true for the leg 

Ablations of area 7 Three animals were used P5, P12, T3 


"ACUTE” 


I Motor performance, upper limb The macaques from which area 7 had been 
removed were less handicapped than those m which area 5, or area 3, or areas 1 and 2 had 
been ablated Ablation of area 7 produced more disturbance m the contralateral upper 
extremity than m the lower Movements of the fingers and toes were well executed when 
they were watched, but noticeable awkwardness and under- or over-shootmg appeared 
when visual aid was not given The nor mal hand and arm usually led m motor performance 
and were favored if they alone would suffice, their movements were earned out more quick- 
ly, while the affected arm and hand appeared to grope unless watched closely No associated 
movements were observed 

II Condition of "tone”, reflexes Hypotonia was present early m both arm and 
leg m these macaques, but grew less apparent during the observation period, particularly 
in the loner hmb The "paretic posture” was more evident m the upper hmb m which there 
nas slight drooping of the shoulder, loose flexion of the elbow, and extension of wnst and 
fingers at rest Little difference in the posture of rest of the two upper hmbs was seen, 
bon ever, by the end of the three weeks’ observ ation period Resistance to palpation and to 
passive mov’ement remained less m the upper extremity oppmsite the ablation 'The reflexes 
increased threshold, wide excursion, and slon performance durmg 
the first two necks particularly in the arm, after this they resembled those of the normal 


III Sensory LOSS Appreciation of pam and tactile stimuh nas not observed over the 

upper limb and hand, durmg the first post-operative three weeks, although these stunuh 
n ere appreciated during this time over the lower limb and trunk, as judged by the motor 
reaction to them, they nere not localized Neither appreciation of food particles bv contact 
nor their localization nas observed during the three weeks’ exammation period After ^o 

Mini's, ■' ”” — 
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III Sensory loss Both animals were slow to respond to pin pnck and usually made 
no effort to locahze it Response to tactile stimuli as shown by grasp was usually present at 
the end of the 9th or 10th month Occasionally there was no response This was particularly 
true of the monkey with areas 1-2 removed Both animals, however, were quick to rectify 
without visual aid unusual postures passively produced 

Hopping and proprioceptive placmg were always present after two months The neces- 
sary angle of displacement decreased gradually in the affected hmbs m the early post-opera- 
tive months, but never became equal to that of the normal side Tactile placing was present 
at times after nme months m the area 3 monkey but longer duration of stimulus was re- 
quired than normal and execution of response was slow and often awkward, tactile placing 
was absent permanently in the 1-2 animal 

Area 5 ablation Four animals were used P3, PlO, P13, P18 

"ACUTE” 

I Condition of upper extremity These macaques were similar post-operatively, 
though three had left sided operations, and one a nght aided Their general behavior was 
similar to that of the animals with the large ablations, but the leg appeared to be more un- 
paired than the arm Changes in the upper extremity were present, but were imlder than 
those observed m the macaques with ablations of area 3 or of areas 1-2 

The affected hands were used as readily as the normal when feedmg or scratchmg or in 
reaching for desired objects which could be followed noth the eyes Ataxia when not watch- 
ing the movements performed was the most stnkmg change m the affected arm and hand 
m these monke 3 f 8 \\^en casually reachmg for an object which was not particularly desired 
the movements were ataxic The affected arm and hand nearly always overshot the mark 
m "cbrnbrng” a suspended cord, for example, and showed ataxia in graspmg the cage bars 
unless corrected by sight No associated movements were observed in the arm Hypotonia 
was slight m the arm, and the threshold of tendon reflexes was only sbghtly increasw The 
grasp m response to light contact was slow m the hand Recognition of painful and of tactile 
stimuh was present but their localization was poor Propnoceptive placing returned within 
three weeks — but tactile placmg when present was slow m imtiation as well as m execution 

II Condition OF LOWER EXTREMITY A Spontaneous use Loathness to use the affected 
lower extremity was striking, and the manner of its use was not normal The leg was ad- 
ducted in walking on a flat surface, and was lifted much higher than the normal, and the 
hallux struck or rubbed against the normal leg, in stair-chmbing, the foot often brushed 
against the next highest step because the degree of flexion of the ankle and toes was m- 
sufficaent Ataxia m rope-walkmg was marked, for the leg was either too greatly abducted 
or adducted Associated movements of the affected foot were observed only durmg the early 
post-operative period Simple protraction of the leg in an ertended-adducted position ac- 
compamed the extension of the normal extremities m reachmg for a desired object 

B Condition of "tone” , reflexes Hypotonia was more marked m the abductors of the 
thigh, the hamstrmgs and tibiahs ant^or than m the remaimng muscles of the lower ex- 
tremity, but was never as great as that found after ablations involving the postcentral 
gyrus TTie tendon reflexes in the leg had higher thresholds than those in the arms The arc 
of their excursion m the leg was greater and the time of theu- total execution was longer than 
m the homologous ainn 

C Senary loss Pm pnck was recognized but slight tactile contact with the sole 
produced either a dehberate flexion of the toes or none at aU Localization of touch and pam- 
M stimuh over the lower limb was inaccurate when judged by scratching or graspmg re- 
sponse of normal extreimties A failure to recognize or appreciate food particles as such was 
present Tactile placmg by the lower extrermty was absent throughout the three weeks’ 
period, proprioceptive placmg and hopping were present after two weeks, but required 
greater angles of displacement of the thigh than did the normal leg 

"CHRONIC” 

Two nniTTials were used PlO and P13 One accidentally hanged itself in the leash 
110 days post-operatively, the other was sacrificed 370 days post-operatively Both pre- 
sented similar early signs though the monkey which was killed after a year had made more 
improvement 
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distribution to leg and arm respectively Alteration of tendon jerks was per- 
manent after all ablations, and of greater degree after ablations mvolvmg the 
postcentral gyrus Superficial reflexes remamed normal 

Response to pam stimub was present but delayed after three weeks in all 
flnimnlR Tactile stimuh were recognized after two months by area 5 and 
area 7 animals, after rune months by area 3, areas 1-2, and areas 1-2, 5, 7 
ammnlR Locahzation of pam and tactile stimuh was deficient m all for a year 
Response to pm pnck was exaggerated after six to eight months m the animal 
with ablation of all the panetal lobe except area 3 Food particles were not 
appreciated as such at any time after all ablations In the area 5 animal all 
the difficulties were more noticeable m the lower hmb, m the area 7 a n i mals 
m the upper Shght wastmg of muscles m the contralateral limbs was noted 
m the one animal with aU areas except 3 removed No deficiency of any type 
was observed m the ipsilateral limbs 

Tactile and propnoceptive placmg and hoppmg reactions were absent 
m aU nnirngls m the early post-operative period Hoppmg reactions returned 
m all after the early months, and proprioceptive placmg returned m all 
The movement, however, was slower, required a greater stimulus of dis- 
placement and frequently was ataxic after postcentral ablations Tactile 
placing was more severely impaired than propncceptive placmg, after areas 
1-2 ablations, it never returned, after area 3 ablations, tactile placmg re- 
turned after two to three months, but was stiU slower than normal both m 
mitiation and execution and was frequently awkward, foUowmg ablations of 
area 5 and area 7, similar delay was observed especially m the leg and arm 
respectively, and frequently the arumal did not place m the direction from 
which the stimulus came 


Discussion 

A certam localization of function m the panetal lobe is suggested by an 
analysis of the results descnbed above, correlation of function with known 
anatomical connections can also be made No paresis of mdividual muscle 
movement after panetal lesions is suggested by the relative paucity of cor- 
ticospmal fibers from that lobe, and by the tjqie of movement ehcited by 
electncal stimulation over the panetal areas The loathness to move could 
be accoimted for by the loss of mcommg stimuh, plus the maccuracies of 
movement resultmg therefrom 

Hypotoma was consistently present after panetal lesions, bemg more 
widely distnbuted and of greater degree after the large ablations Brodmann 
(3) and Ferraro and Barrera (6) descnbed hypotoma after postcentral le- 
sions, but gave no distribution Kennard and Kessler (14) descnbed per- 
sistent "dunnushed resistance to passive movement” after all then- panetal 
l^ons, tendon reflexes were only temporarily diminished Hypotoma, m 
the ammals m the present work, was most noticeable m the upper hmb in'the 
elevators and abductors of the shoulder, the external rotators of the arm 
the extensors of the forearm, the flexors of the wnst and fingers, and the 
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"CHRONIC” 

I Motor performance, condition of "tone", reflexes Two animals (P12, 
T3) with ablations of area 7 were observed for a year, and nine months, respectn ely The 
upper limb was more impaired than the lower and with this exception these monkeys were 
similar m their general abilities to the "chronic" area 6 animals Slowness of movement 
contmued m the upper limb throughout the year and ataxia accompanied movement not 
checked by vision Hypotonia was only shghtly noticeable in the elevators of the shoulder, 
the extensors of the arm, the flexors of the wnst and fingers, after the first three weeks post- 
operatively, and paretic posturing was not observed All tendon reflexes remained pendular 
Their threshold was raised, and they were slow in execution A slightly stronger stunulus 
was required to obtain a response in the upper hmb than m the lower, and the execution of 
the movement was slower in the arm than in the leg 

II Sensory loss Response to pin pnck was similar on the two sides after a month, 
but effort to localize it was confined with rare exceptions to the normal extrenuties Objects 
placed hghtly m contact with the palm were grasped, but food particles placed m the hand 
contralateral to the ablation were not recognized as such without visual aid Proprioceptive 
placmg and hopping were normal after the first month Tactile placmg returned after two 
months, but was slowed m imtiation and execubon, and the ammal did not always direct 
the extremity toward the locus of the stimulus 

Summary of functional deficits, "acute” and "chronic ” Ablations from 
the individual areas of the parietal lobe were followed immediately by certain 
signs the sum of which compared well with, but were not eqmvdent to, the 
whole followmg removal of areas 1, 2, 5, and 7 together Ablations of the 
postcentral areas produced changes in both the contralateral arm and leg, 
of area 5, greater in the leg than the arm, of area 7, greater m the arm than 
m the leg Ablation of area 5 or of area 7 did not result m as severe disturb- 
ance m either the leg or the arm, respectively, as did postcentral lesions 

Paralysis was not observed after any ablation, rather, slowness m the 
imtiation and execution of movement, and motor performance contmued 
to be slow except under emotional stress Followmg all ablations, ataxia 
charactenzed movement which the ammal did not visually control but it 
seemed never to occur when the animals paid stnct visual attention It was 
present m both extremities followmg removal of area 3, or areas 1-2, the 
lower hmb was more awkward after area 5 ablations, the upper, after area 7 
removals Involimtaiy associated movements were more often observed 
after postcentral ablation, and were present only for the first post-operative 
month except m one area 5 animal, m which they were seen occasionally for 
a year 

H3ipotoma, as demonstrated by decreased resistance to palpation and to 
passive movement, was present s^ter all lesions After ablation of areas 3 
or 1-2 the distribution and the quahty of this hjrpotoma were similar m the 
arm and leg, but followmg ablation of area 5, hypotoma was greater m the 
leg than m the arm and after removal of area 7 it was greater m the upper 
hmb The hypotoma was persistent m all "chrome” animals, though more 
noticeable m the animal with the large ablation, and m those with destruc- 
tion mvolvmg the postcentral gyrus, than m those with extirpation of area 
5 or of area 7 The tendon reflexes were charactenzed by an mcrease in ex- 
cursion, a raised threshold and lack of normal qmckness m response After 
area 6 or area 7 ablations the hypotomc tendon reflexes had a differential 
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specific motor neurons In such a mechanism promotmg sensory attention 
and efficient motor neuron discharge, deficiencies of "tone” are coimteracted 
Hypotoma present after parietal ablation, as well as deficient mtegration of 
mcommg peripheral sensory stimuli, were together accountable for the slow- 
ness of movement seen m these animals 

The alteration of the tendon reflexes can be similarly explamed The loss 
of proprioceptive mtegration and subsequent deficiency of sensory attention, 
resultmg m raised threshold of peripheral inhibitory and activatmg propno- 
ceptive endmgs, serves to depnve the ventral motor neurons of prompt and 
efficient activatmg stunuh The alteration of proprioceptive activation and 
inhibition becomes slowed and disorderly as a result of madequate central 
mtegration and sensitization 

The sensory losses resultmg from parietal ablation can be explamed more 
adequately The losses foimd, moreover, would be expected on the basis of 
anatomicffi information Accordmg to Walker (26), the nuclei of temnnation 
of the medial lemniscus and the spmothalamic tracts project to cortical 
areas 3, 1, and perhaps 2 These areas m turn send fibers to these nuclei, 
ventrabs posteromediabs and ventrabs posterolateralis, transmittmg thence 
corticifugal sensitizmg stimuh After removal of area 3, and of areas 1-2 
appreaation of pam was defiaent for three weeks, appreciation of tactile 
stimuh, for rune months Localization and discnmmation of these stimuh 


were permanently defiaent Cutaneous and deep sensibihty were disturbed 
over the contralateral side of the body equally after ablations of postcentral 
areas and no ipsilateral losses were observed The loss of appreaation of tac- 
tile stunuh resultmg from ablation of the postcentral gyrus comades with 
the results of Woolsey, Marshall and Bard (29) who measured cortical poten- 
tials ansmg as a result of tactile stimulation peripherally 


Areas 5 and 7 receive few fibers from the thalamus and these are chiefly 
from the nucleus lateralis posterior (26) These areas project to that nucleus, 
as well as to the nuclei ventrabs posterolateralis and posteromediabs To Walker 
the nucleus lateralis is a higher level of mtegration than the ventral nuclei, 
and receives fibers from them, areas 5 and 7 are to him higher levels of cor- 
tical sensory mtegration, receivmg from nucleus lateralis posterior a summary 
of ventral nuclei reports Topographical arrangements were not considered 
by him m these areas The relative pauaty of fibers exchanged by these areas 
and the thalamus, as compared to those exchanged by the postcentral gyrus 
and the thalamus, would, however, lead one to expect fewer manifest simple 
sensory losses as a result of removal of either Appreaation of tactile and pain 
stimuh was m fact only temporarily altered, their localization was more 
permanently disturbed The topographical differences noted m the results of 
the two ablations might be inferred somewhat by the projection of paneto- 
spmal fibers from 7 only to cervical levels, from 5, to lumbar as well Roth- 
tna^ (20) reported more disturbance in the upper hmb as a result of removal 
cf the supramargmal" gyrus (area 7) 

Slowness of movement, ataxia, and the failure to correct abnormal pos- 
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adductors of the fingers The proximal parts of the hmb were more hypotonic 
than the distal In the leg, the flexors and extensors of the thigh, and the 
flexors and extensors of the leg were about equally aifected, the external ro- 
tators of the thigh, the dorsiflexors (tibialis antenor especially) of the foot, 
and the extensors and adductors of the toes were mere hypotomc than their 
antagomsts The vanation noted m the topographical distnbution of hypo- 
toma foUowmg the dilferent panetal lesions might be suggested by the dis- 
tnbution of the panetospinal fibers These fibers were mest numerous from 
areas 3-1-2 and passed as far caudaUy as lumbar levels, those from area 5 
were more numerous than those from area 7, and while all those from 7 ter- 
mmated at cervical levels, some of those from 5 passed to lumbar levels 

Hypotoma following the larger panetal ablation resembled for the most 
part m its distnbution that desenbed by Tower (24) to follow pyramid sec- 
tion It seems probable then that after pyramidal section, it is the severance 
of panetospmal fibers which is at least m some measure responsible for the 
development of the hjqiotoma The mechamems through which it develops 
are difficult to aecertam, even though hypetoma chmcally la assoaated with 
lesions of the sensory path at dorsal root, cerd, and thalamic levels, as well 
as at cortical levels 

Muscle "tone” is usually mterpreted as a product of the myotactic re- 
flexes In cats, Lloyd (16) has found these latter to mvolve two neurons 
only, the propncceptive and the large ventral horn cell This ventral neuron 
18 directly mfluenced by descendmg extrapyramidal tracts and only m- 
directly by pyramidal fibers He considered it hkely that the propncceptive 
fiber tenmnatmg about this ventral neuron sent collaterals to termmate 
about certain neurons in the postenor gray, especially those giving nse to 
spmocerebellar tracts It seems reasonable to suggest that it is the loss of m- 
tegration of these ascendmg propncceptive impulses at thalamic and cortical 
levels, and consequent deficient or ^tered efferent discharges therefrom, 
that mdirectly is responsible for alterations of muscle "tone ” "Tone”- 
givmg impulses travehng via ccrticospmal and panetospmal fibers and ans- 
mg as a result of mtegration of mcoming propncceptive impulses are thus 
possibly essential for normal mamtenance and distnbuticns of "tone ” Cor- 
ticospmal (pjrrarmdal) fibers m Lloyd’s experiments were foimd to activate 
the postenor gray neurons directly, and these m turn set up activity m the 
antenor motor neurons Panetospmal fibers have been considered m the 
present work to have termmations m the antenor portion of the postenor 
gray, and it has been suggested that they contnbute an energizmg or senm- 
tuong influence on the sensory neurons at cord level There can be thus two 
balancmg mechanisms descendmg mto the spmal neurons contnbutmg 
influences on mamtenance of "tone” m skeletal muscle Certain extrapyram- 
idal fibers activate (or inhibit) motor neurons directly and prevent excesses 
of "tone”; pyramidal and panetospmal fibers activate and sensitize to m- 
commg peripheral stimuh, respectively, sensory neurons (or at least postenor 
gray neurons), makmg it possible for them m turn to activate selectively 
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with ablation of all areas except 3 is rather interesting Why other animals 
did not show it or why this one did is unknown The large amount of tissue 
removed from the parietal area m this monkey, plus the adequate time for 
complete degeneration of severed tracts, may be factors concerned m the 
appearance of this phenomenon The occurrence of "hyperpathia” m humans 
has been reported m lesions limited to parietal cortical tissue, and has also 
been described m thalamic, cord, and bulbar lesions (4) Head and Holmes 
(13) attributed "hyperpathia” to a loss of cortical inhibition on the thalamus 
while Wdson (27) felt it resulted from imtation to a partially damaged spmo- 
thalamic system at any level Can it be mterruption of panetothalarmc, 
panetopontme, and panetospmal fibers with the subsequent loss of their 
sensitizmg, energizmg, modulating or inhibitory influence, that results in 
"hyperpathia”*^ Foerster (7) apparently had such a scheme m mmd when he 
postulated descendmg fibers m the lateral fumculus of the cord that exert 
an mhibitoiy influence on spmothalamic flbers 

Muscular atrophy following unilateral parietal lesions m humans has 
been reported by Guthne (11), Head (12), and Winkehnan and Silverstein 
(28) among others Kennard and Kessler (14) reported bilateral muscle 
atrophy m monkeys foUowmg removal of all parietal tissue bilaterally The 
one "chrome” animal with the destruction of aU umlateral parietal tissue 
except area 3 m the present work showed a thumess and tapermg of the 
hand, foot, and digits contralateral to the lesion Though no measurements 
were made, this observation seemed qmte defimte The explanation of atro- 
phy occurring m panetal lesion is not easy Vasomotor and trophic changes 
possibly responsible were not studied m this present work, and perhaps are 
only found after gross panetal destruction 

The nature of the ablations and the subsequent results preclude any 
statements as to the sole representation of any one sensory function m any 
one area Localization of function m the panetal lobe, however, can be said 
to be somewhat as follows on the basis of these studies Cutaneous sensibdity 
is particularly represented m the postcentral gyrus Discriminative abflity is 
more lastmgly impaired than mere recogmtion of stimuh, however, and de- 
pends on mtegrations mvolvmg aU panetal areas Propnoceptive stimuh, 
necessary for coordmated movement, regulation, and distnbution of normal 
amounts of tone, and supraspmal influence of tendon jerks, temnnate also m 
all panetal tissue, but apparently end also m other cerebral areas, possibly 
the precentral There seems to be a topographical vanation m sensory locah- 
zation m the panetal cortex, all skin area finds a postcentral locus, while 
m areas 5 and 7 the hmbs seem more specifically represented This topo- 
graphical arrangement is somewhat confimed by the cortical map of pane- 
tal localization compiled by Dusser de Barenne (5) on the basis of his strych- 
mnization of the monkey’s cortex It is seen from his map that area 5 is m the 
so-called leg zone, area 7, more m the arm zone Ample pathways exist for 
transmission of panetal cortex influences, and these are assoaative and corti- 
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tures, after the larger ablations, particularly, can be accounted for through 
the lack of cortical integration of, or the actual loss of, many of the propno- 
ceptive stimuli ansmg as a result of movement, actively or passively initi- 
ated All of these abnormahties of movement except slowness were corrected 
under emotional stress or by close visual cooperation Although even when 
observed by the animal, this characteristic of movement was often present 
especially after the larger ablations Propnoceptive impulses, terminating 
precentrally after a a 3 mapse m a thalamic nucleus {lateralis ventralis), alone 
and without visual aid were msufficient to provide adequate information to 
the motor mechamsms for smooth performance Their madequacy is even 
more noticeable m responses mvolvmg tactile and propnoceptive discnnuna- 
tion and locahzation 

The hoppmg and placmg reactions as descnbed by Bard are thought to 
mvolve cortical arcs of neural activity Placmg reactions performed without 
the aid of vision are divided mto two groups those ehcitable by hght contact 
of the hmb with a surface and those requirmg angular (or propnoceptive) 
displacement for a response Hoppmg reactions and propnoceptive placing 
have been considered to depend ultimately on the mtegnty of the precentral 
gyrus, while tactile placmg depends on postcentral tesue as well (1) All 
these reactions were absent after all ablations for the first few post-operative 
days Hoppmg and propnoceptive responses were usually obtamed after all 
ablations withm the early post-operative weeks, but larger displacements 
were required, and this reqmsite persisted throughout a year foUowmg an 
ablation of area 5 Tactile placmg was slower to return m all ammals and 
after ablations mvolvmg postcentral areas never returned to normal It 
would seem that though all the panetal areas take part m the normal re- 
sponse m tactile placmg, the postcentral areas are more essential The 
panetal areas are not essential, however, for the performance of normal 
hoppmg and propnoceptive placmg reactions, and the fact that these reac- 
tions return so qmckly after ^e larger ablation of panetal tissue (though this 
spared area 3) can be considered further evidence of an extra-panetal corti- 
cal termmation for propnoceptive stimuh Similarly, the fact that tactile 
placmg IS so long disturbed after a parietal ablation, espeaally one mvolvmg 
postcentral areas, seems evidence for a less important, if any, extra-panetal 
locus for these reactions Bard (1) found that hoppmg reactions were only 
temporarily affected by postcentral ablation, and that even after removal of 
all cortex except that of the frontal lobe, hoppmg reactions soon returned to 
normal and propnoceptive placmg could ^o be "ehcited ” Kennard and 
Kessler (14), however, were of the opimon that propnoception is represented 
m postcentral regions smce shght, though permanent alteration m response 
appeared after small panetal lesions, and further smce propnoception was 
permanently affected if all the panetal lobe was remov^ from both hemi- 
spheres 

The apparent existence of “hyperpathia” m the one "chrome” animal 
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cafugal Thalamus, midbram, pontme nuclei and cerebellum, as well as cord 
neurons, come under its sphere of mfluence, whether this be inhibitory, sen- 
sitizmg, modulatmg, or energizmg, and thus there is made possible a more 
harmonious, better coordmated and more effiaent sensory mechamsm which 
is directly responsible for more effective motor discharge 

Summary 

1 Removal of area 3, areas 1-2, area 5, and area 7 mdividually, or of 
areas 1-2, 5, and 7 m combmation, from the panetal lobe of the macaque, 
did not result m paralysis A loathness for movement was present 

2 Removal of area 3 or of areas 1-2 affected the contralateral arm and 
leg equally, removal of area 5 affected the leg particularly and of area 7, the 
arm particularly The disturbances are descnbed below Such a differential 
localization of them might be inferred from the distnbution of the paneto- 
spmal fibers which have also been descnbed 

3 Hypotoma was consistently found for as long as a year, but was not 
present equally m all contralater^ muscles, the proximal muscles bemg more 
hypotorac Of those affected m the upper hmb, the elevators and abductors 
cf the shoulder, the external rotators of the arm, the extensors of the fore- 
arm, the flexors of the wnst and fingers, and the adductors of the fingers 
were most hypotomc In the leg, the flexors and extensors of the thigh were 
about equally affected, the external rotators of the thigh, the dorsiflexors of 
the foot, and the extensors and adductors of the toes were more hypotomc 
than their antagomsts The mechanisms imderlymg this hypotoma have 
been discussed Hypotoma probably also accounted for "the paretic pcsture” 
at rest and mdirectly for ataxia and slowness of movement Ataxia was not 
present when the macaques controlled movement by vision 

4 Tendon reflexes were permanently altered by an mcrease m threshold, 
a slowness of execution, and an mcrease of excursion 

5 Appreciation of tactile and painful stunuh was unpaired rmtially after 
all ablations and for mne months after postcentral lesions Localization of 
these stunuh was persistently impossible after all ablations 

6 Proprioceptive placmg and hoppmg, and tactile placmg were absent 
immediately after all ablations, the two former reappeared after three weeks 
but larger displacements were required Tactile placmg never returned to 
normal after postcentral lesions, and though it returned after ablation of area 
5 or area 7 there was a slowness of response and some imcertamty m its 
direction Postcentral gjori appeared essential for tactile placmg and shared 
with extra-panetal cortex the mechanisms mvolvmg proprioceptive placing 
and hoppmg 

7 The postcentral gyrus appeared essential for the recogmtion of painful 
and tactile stunuh, all panetal areas were necessary for the localization and 
discrumnation of these stunuh 

8 Muscle atrophy and hyperpathia were observed m one animal as 
chrome results of removal of areas 1-2, 6, and 7 together 
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Introduction 

The characteristic responses of single auditory nerve fibers have already 
been reported (5), and may be summarized as follows When acoustic stimu- 
lation IS delivered to the ear of a cat, each auditory fiber is most sensitive at 
a specific frequency and mcreases its rate of disch^ge with mcreasing inten- 
sity of stimulation Also the louder tones excite more extensive areas of the 
baklar membrane The evidence appears to support a place theory of action 
of the mammahan cochlea 

In the present report it will be shown both that spontaneous activity in 
auditory fibers may be abolished when appropriate sounds are presented to 
the ear, and that ihhibition may result when a second tone is sounded in the 
presence of a first tone which mitiates nerve impulses when sounded alone. 

A simple place theory assumes that a given pure tone sets m vibration a 
restncted region of the basilar membrane and has no effect upon others 
One would predict, therefore, that a nerve fiber activated by a pure tone wiU 
be uninfluenced by a second pure tone so long as the two tones are suffiaently 
far apart m frequency As the second tone approaches the first, however, the 
two excited regions of the basilar membrane begm to overlap, and the fiber 
might under these conditions be expected to discharge more vigorously 
When the tones are of the same frequency (and m phase), the fiber would 
presumably be stimulated most effectively The results of our experiments 
with two tones are not whoUy m accord with the simple picture just out- 
hned Instead, there is marked inhibitory mteraction between tones even 
many octaves apart And this inhibitory mteraction is most simply explamed 
by assummg the presence of a specific neural inhibitory mechanism withm 
the cochlea 


METHOD 

The use of Ringer-fiUed micropipettes (3-5ji) as electrodes for isolating the electrical 
activity of single auditory nerve fibers, and the methods for producing single pure tones, 
have been described (5) To present two pure tones simultaneously, a second oscillatort 
and attenuator were introduced in paraUel wnth the GJt 7I3B oscillator, and the outputs 
ot both led to the speaker transformer The experimenter could thus generate tones with 
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The insert in Fig 1 shows the result of stimulation of a fiber (9400 c p s 
-35 db)* with a tone of its characteristic frequency at various intensities 
Spontaneoi^ activity is clearly reduced by certain tones, and the degree to 
which each tone is effective depends upon its mtensity, as shown m the 
accompanymg graph (Fig 1) Spontaneous activity is almost completely 
obhterated at -44 db (below 2 volts from oscillator), while some inhibitory 



Fig 2 Iso-mtensity contours showing inhibition of spontaneous activity by acoustic 
stimulation Numbers on the contour lines indicate the intensity level (in db below 2 volta 
from oscillator) at which the rate of nerve discharge was determined as a function of firC' 
quency Data from same fiber as Fig 1 


effect can be seen between —80 and —36 db At intensities above —34 db 
the fiber responds to mcrease of intensity by accelerating its rate of dis- 
charge, as would normally be expected from stimulatmg the end-organ with 
sound (5) 

Spontaneous activity can be reduced or abohshed by frequencies other 
than the charactenstic frequency Figure 2 shows iso-intensity contours for 
the same fiber (9400 cp s , —35 db) At an mtensity level of —40 db, the 


* The numbers in parentheses give the "characteristic frequeniw” (9400 cn^ ) and 
''minimal intensitj ’’ (35 db below 2 volts from oscillator) for the fiber It has been nrevi- 
ouslv ^tablisb^ (5) that at a certain "naimmal intensity lev eV’ the adequate stimulus is a 
small band of frequencies, the "characteristic frequenej’,” and at lower mtensity levels no 
frequenci excites the fiber j- nu 
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either of these oscillators alone, or with both together Intensities were measured as decibels 
below 2 volts from the G R 713B oscillator With our sound system the threshold for the 
human ear at 2000 c p s is approximately —100 db Readings obtained with the second 
oscillator system were converted to equivalent readings on the G R 713B system, so that 
the data are all directly comparable with those presented earlier 

Two neon bulbs at the edge of the tube-face signalled the duration of presentation of 
the soimds used as stimuli On the records the lower of the two white hues is caused by the 
neon bulb m the G R 713B circuit The upper neon bulb was manually operated and indi- 
cates only approximately the period of stimulation 

It should be stressed that the results described here are independent of the method used 
to produce the sounds Human voices substituted for the osinllator systems are just as 
effective 

Results 

1 Inhibition of spontaneous activity by pure tones About half of the audi- 
tory-nerve fibers on cats discharge at a slow steady rate ("spontaneous activ- 



db below Hv from oscillator 

Fig 1 Inhibition of spontaneous activity by acoustic stimulation Insert shows some 
of the records used m constructing the graph White hne below record mdicates onset and 
duration of the 9400 c pe tone at the mtensity level indicated Pomts were detemuned by 
counting the spikes during the first second after the onset of the tone, and subtracting from 
thiH the number m the precedmg second This fiber has a characteristic frequency of 9400 
c p s and a minim al mtensity of —36 db 

ity”) even though precautions have been taken to eliminate ambient noise 
(6) Some of the fibers exhibitmg this behavior become markedly less active 
when noises, the human voice, or pure tones are presented to the ear 
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inhibitory effect was marked at the characteristic frequency The more usual 
relation is illustrated m Fig 3, where both "response area” and "inhibitory 
area” are shown for two fibers The response area, as previously defined (5), 
compnses all tones which mcrease activity, while the term inhibitory area 
will he used hereafter to designate those tones which depress activity m the 




Fig 4 Inhibition of spontaneous discharge by acoustic stimulation. A All tones 
wthin the response area caused the single fiber (14,700 cps , —84 db) to discharge in 
excess of its spontaneous rate, while those within the inhibitory area prevented spontaneous 
discharge B Iso-intensity contour at —40 db level showing complete inhibition by tones 
between about 7000 and 12,000 cps 

nerve fiber under observation Figure 3A, m which the inhibitory area is 
hmited to frequencies below the charactenstic frequency, represents the find- 
mgs in 2 of 6 cases studied in detail In 2 others, the inhibitory area was lo- 
cated above the charactenstic frequency, as shown m Fig 3B In the re- 
maining 2 cases, inhibitory areas both above and below were found 

An inlnbitory area may encroach upon the anticipated response area of 
certain fibers Response areas were usually determmed by sweepmg through 
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spontaneous activity is maxiinally depressed by the 9400 cps tone, al- 
though some depression occurs for all frequencies between 4000 and 10,000 
c p s At higher mtensity levels ( —30 and —20 db), both 4000 and 9400 cps 
now excite activity in excess of the spontaneous rate, while the mtennediate 




Freflumcjf 

Fig 3 Inhibition of spontaneous discharge by acoustic stimulation Comparison of 
tones which stop gjontaneous activity (inhibitory area) with tones which increase activity 
(response area) Fiber A shows an inhibitoiy area (heavy hnes) m the frequency range 
below the response area (bght lines) Fiber B, from another cat, shows an inhibitoiy area in 
the fi^uency range above the response area 

frequencies continue to depress activity as before When the tones are at 0 
db, all frequencies excite 

In the above case, weak tones of the characteristic firequency were par- 
ticularly effective in slowing spontaneous activity This is not always true 
The fiber of Fig 1 and 2 is one of only two thus far isolated m which the 
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mg others Thus at the onset of T- the basekne perceptibly vndens while 
the number of large spikes decreases Tins is mterpreted as follows The mi- 
croelectrode, recording selectively from one fiber, also records unselectively 
from other fibers lymg m the vicunty; m this instance the fiber yieldmg the 
spikes was inhibited while adjacent fibers were excited by T; 



Fig 6 Inhibihon of response to an adequate tone by a second sound Iso-mtensity 
contours for a fiber pictured m Fig 5a, showing effectiveness of Ti (at ftequencies given on 
abscissa and intensities given on contour lines) in inhibiting response to T, (1300 c p,s , 
—72 db) Zero ordinate represents rate of discharge excited by T, (about 150 discharges 
per sec ), and the points are plotted in terms of percentage change ficom that rate caused 
withm the first second after onset of T; Note sharp transition from excitation to inhibition 
by Ts between 1800 and 2000 c pe 

The effectiveness of T; m mhibitmg the response to Ti depends upon the 
frequency and mtensity of T. This relationship is shown for one fiber m Fig 
6 m terms of per cent change m the rate of the discharge excited by Ti for 
different frequencies and mtensities of T. (Other data on this same fiber 
[1300 c p s , - 94 db] are shown m Fig 3B and 5A ) At mtensity levels of 
-52, —38, and —18 db there is partial or complete (100 per cent) inhibition 
of the response to Tj by frequencies of T- between about 1800 and 3000 
c p s At the —38 db level a more complete range of frequenaes of T- shows 
that m the region of the frequency of Ti, the response is mcreased by T;, 
while it 13 decreased agam by lower frequenaes. At the -52 db level, T- do^ 
not completely ohhterate the response to Ti at any frequency It is evident 
from this graph that a second tone may markedly influence the response of a 
fiber to the first tone It may exate more discharges, or it may depress the 
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the frequencies at various intensity levels, and determining which frequen- 
cies ehcited responses (see 6, p 43 ff ) Usually the tones which excite can be 
enclosed m a roughly tnangular area, but sometimes complex and irregular 
areas were observed At first these irregulanties were attnbuted to the in- 
abihty of the sound system to mamtam a constant level of mtensity as the 
frequency was altered, but it now appears that this factor can at best only 
partially explam them In Fig 4A, a typical irregular response area is shown 



Fig 6 Inlubition of response to an adequate tone (Ti) by a second tone (Tj) Fiber a 
(1300 c p 8 , —94 db) and fiber b (1860 c p s , —88 db) are from the same cat, fiber c (10,000 
c p^ —90 db) IS from another animal Duration of T, is indicated by the lower signal, and 
duration of T- by the upper signal beneath a and b The reverse is true m c The upper 
signal marks only approiomately the onset and the end of the tone For a, Ti ~1300 c p s , 
— 72 db, Ti “2300 c p 8 , — 38db For b,Ti “I860 c,p s , — 60 db, Tj “2600 c p s , — 26db 
For c, Ti “10,000 c p 8 , — 78 db, Tj“7000 cp^ , — 60 db About 1 sec has been removed 
from the center of record b 

The tones which inhibited spontaneous activity are also shown as an m- 
hibitory area It seems clear that the response area deviates from a simple 
tnangidar shape because certam frequencies inhibit activity Figure 4B, con- 
structed from photographic records, shows quantitatively the extent of thus 
inhibition at the —40 db mtensity level 

2 a Pure tones Inhibition of response to one tone by a second sound The 
inhibitory effect of certam tones upon spontaneous discharge raises the ques- 
tion of whether the response of a nerve fiber excited by an adequate tone 
(Ti) can be modified by a second tone (T 2 ) This problem was attacked ex- 
perimentally by mtermittent stimulation with an explormg tone Tj agamst 
a backgroimd of constant stimulation by a smtable Ti 

Figure 6 illustrates complete or nearly complete inhibition by Ti of the 
activity aroused by Ti m three different fibers Figure 6C is of particular m- 
terest because it demonstrates that Tj may excite some fibers while depress- 
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depress activily, with the response area for a given fiber The response area, 
it wdl be recaUed, is made up of the smgle tones which excite a fiber. In 
Fig 7, frequencies both above and below the cntical frequency are seen to 
be effective in mhibitmg the response to T, Furthermore, the mhibitory 
areas systematically encroach upon the response area, and for frequencies 
below the characteristic frequency, the response area may be abohshed In 
fact, tones which excite when presented alone may actually stop the activity ex- 
cited by other tones 

Figure 8 shows the effectiveness of a wide range of tones m producmg this 
inhibition Each curve is for a different fiber, excited by an appropnate Ti, 
and the degree of inhibition resultmg from various T;S is mdicated For 



Fig 8 Inhibition of response to T, by T; Three fibers (A = 14,700 c.p s , —84 db, 
B =8400 c p E , —78 db, C =12,000 c p s , —66 db) from two cats The graphs show how 
the response excited by a constant T i is modified by T. of i anous frequencies Intensity 
level of T; is —40 db throughout 

example, m 8A, the discharge ehcited by T, (160 spikes per second) was com- 
pletely stopped by a T. of 10,000 c p s , — 40 db, while a T: of 12,000 c p s , 
-40 db cut it down from 160 to 92 spikes per second (—43 per cent) 
The most stnkmg feature of these curves is the remarkable effectiveness of 
tones of low frequency, tones throughout a range of 6 octaves below the 
characteristic frequency may inhibit (Fig 8B) In other words, if a nerve 
fiber is bemg excited by a high frequency, it can readily be stopped by low- 
frequency tones This fact is apparent also m Fig 7 A with its extensive low- 
tone inhibitory area 

It is pertinent here to compare for a given fiber the tones which inhibit 
spontaneous acti\aty with those which stop discharge exated by adequate 
tones Such a comparison can be made from Table 1, or from Fig 4A and 
7 A For this fiber the T; mhibitory' area both mcludes and extends beyond 
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response, and the effect observed is related to the frequency and intensity 
of the second tone 

The duration of the inhibition produced by T; requires consideration T- 
IS always most effective immediately after it is turned on Within a few sec- 
onds thereafter nerve discharges tend to reappear, and when the imtial m- 




Fig 7 Compnnson of inhibitory arcns enclosing tones T (inhibitory nrens) ivith the 
response nrens for 2 fibers from different cnta Frequency nnd intensity of Ti ns indicnted 
Maximum upper intensity limits of inhibitory nren not explored Note thnt the inhibitory 
nren encronches on the response area at low frequencies, nnd also nt high frequencies 

hibition IS only partial, the recovery may be almost complete If T: com- 
pletely inhibits the response to Ti, however, there may be no nerve dis- 
charges whatever for as long as twenty seconds Durations of T; longer than 
this have not been explored 

It IS mterestmg to compare the inhibitory area, i e , all of the T-s which 
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when corresponding mhibitory areas are detemuned One such case, 
ated m colunms 4 and 5 of Table 1, clearly demonstrates that the ex- 
ind, to some degree, the location of the inhibitory area depends upon 
1 used If Ti IS some octaves away from the characteristic frequency, 
ihibitory area may disappear completely The quantitative data re- 
i for the further eluadation of this important pomt are not available 
Noises Some very suggestive inhibitory effects were obtamed with a 
en rattle This rattle is the type which produces a senes of loud clacks as 



Fig 9 Inhibition of reaponese to an adequate tone by noise (wooden rattle) There was 
pontaneouB discharge in thse fibers a) the discharge excited by a tone of 9800 c p s , 

) db IS abolished by the sound of the rattle b) the rattle is sounded alone c), d) and 
tustrate the response of a fiber for which no pure tone (Tj) capable of inhibiting the 
barge could be found However, as shown m c, the rattle markedly reduced activity 
ted by a tone of 1660 c p s , — 38 db In d, tbe rattle alone is shown to cause a dis- 
rge In e, the tone effective m c can only shghtly modify the discharge excited by the 
le 

ongue of wood snaps against a wooden gear when the device is twirled 
the hand The rattle was soimded at a distance of about twenty feet from 
; ammal and the noise entered the ear chiefly by way of the open bulla, 
ce the external meatus was connected to the sound system and not open 
the room ^ 

The sound of the rattle effectively mhibited the response to pure tones of 
fibers tested Pure tones, on the other hand, are relatively meffective m 
ubitmg responses to the noise of the rattle Examples of these results 
iich are q^uahtative m nature because no frequency analysis or measure of 
tensity of the noise of the rattle was feasible, are shown m Fig 9 Record 
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the tones which inhibit spontaneous discharge This appears to be the general 
rule Fibers have been observed, however, in which no inhibition of spon- 
taneous activity by tones or noises occurred, although marked inhibition 
by T» could be demonstrated 

Table 1 Data on a single auditory-nerve fiber {14,700 cp s , -84 db) All frequencies 
given in kilocycles to conserve space Columns 2 and 3 give response and inhibitory areas, 
respectively, when a single tone is used Columns 4 and 5 give inhibitory tones (Tj) which 
perceptibly decrease the response to the T , indicated at the top of the column Data in part plotted 
in Figs 4A and 7 A 


Intensity 
level (db) 

Tones 

increasing 

spontaneous 

activity 

(response 

area) 

Tones 

decreasing 

spontaneous 

activity 

(inhibitory 

area) 

Tones (Tj) decreasing the 
activity caused by Ti 

T. =14 7kcp8 
-62 db 

Ti "=4 0 kc pj 
—40 db 

-90 

none 

none 

none 

none 

-84 

14 7 

none 

none 

none 

-80 

14 6 to 16 2 

1 none 

none 

none 

-70 

14 0 to 15 7 

6 4 to 7 0, 

9 0 to 9 4 

none 

none 

-60 

1 13 7 to 16 2 

1 

6 2 to 11 6 

6 8 to 7 2 

none 

-66 

i 


3 8 to 4 4, 

5 9 to 8 0, 

8 8 to 10 5 


-50 

1 1 to 6 0. 

13 6 to 16 2 

6 0 to 12 0 

1 16 to 4 8, 

6 2 to 14 1 

none 

-40 

0 94 to 6 8, 
13 0 to 16 6 

6 6, 

7 2 to 12 6 

0 94 to 14 0, 

17 0 

6 6 to 7 0. 

8 6 to 10 0 

-30 


7 6 to 8 6 

0 4 to 1 05, 

4 6 to 13 3, 

17 0 to 19 0 

6 2 to 11 0 

-20 

0 30 to 7 3, 

8 6 to 17 3 

8 2 

0 25 to 0 9, 

6 6 to 9 3. 

10 6 to 12 6, 

17 4 to 19 6 

6 4 to 6 6, 

7 1 to 9 0, 

17 5 to 19 0 

0 

0 009 to 18 6 





Thus far we have related inhibitory values of Ts to a smgle value of Ti 
The selection of Ti is perfectly arbitrary, subject only to the one condition 
that it be located withm the response area For convemence, a Ti of the 
characteristic frequency and about 20 db above the muumal mtensity was 
usually chosen and the inhibitory values of Tj deterramed for it Selection 
of different values for Ti for a given fiber leads to somewhat surpnsmg re- 
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ment chloroform was dropped into the middle ear to paralyze the mtra-aural 
muscles Inhibition was demonstrable in the auditory fiber for about five 
mmutes thereafter, at which time the nerve response disappeared enturely, 
presumably due to penetration of the cochlea by the drug A few mmutes 
thereafter the nerve response returned and could stiU be inhibited by a sec- 
ond tone It IS beheved that this experiment demonstrates that the mlubitory 
effect occurs when the mtra-aural muscles are not functionmg 

A second tjrpe of mechamcal mterference is that between two patterns of 
movement of the basilar membrane The pattern of movement of the basilar 
membrane caused by any reasonably mtense tone is relatively extensive (4, 5) 



Fig 10 Response of an auditory nerve fiber to two beating tones Tj signal) 

=■1260 c p s , —60 db, Tj (upper signal) >=about 1250 c p^ , —58 db The upper record is 
from a 1250 c p a , — 64 db fiber The lower record shows how the beating tones appear to a 
microphone m the position of the cat’s ear 

Two such extensive patterns must overlap throughout a considerable area, 
even when the excitmg tones are widely separated m frequency It might be 
suggested, therefore, that inhibitory areas for auditory fibers merely mark 
those regions of the auditory spectrum where two tones mterfere with and 
effectively cancel one another on the basilar membrane 

Closer consideration reveals the madequacy of this hypothesis If we ad- 
mit that movement of a particular portion of the basilar membrane is the 
adequate stimulus for a given auditory nerve fiber, then, to "inhibit” the dis- 
charge of the fiber m response to Tj it would be necessary for T. to cancel 
the movement continually Alterations of the temporal pattern of movement 
that mvolve momentary penods of mactivity may occur, as when two tones 
of nearly the same frequency produce "beats,” but the penods of mactivity 
alternate wath other penods when the amphtude of movement is mcreased, 
and exatation should occur Penodic mtemiption of the discharge of a nerve 
fiber by two beatmg tones can easily be demonstrated (Fig 10), but as the 
tones are separated m frequency the beats become more rapid and the dis- 
charge becomes more and more continuous 

Smce inhibitory mteraction between T. and T, is not confined to the 
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9a demonstrates complete mlubition of nerve activity by the noise which 
alone (record 9b) does not excite this particular fiber although it undoubtedly 
produces frequencies which he within the response area for the fiber (9800 
c p s , —70 db) Records 9C) 9d, and 9e are from a fiber which could be in- 
hibited only by noise Pure tones even at the highest available mtensities 
were meffective Yet the noise, which excited the fiber when presented alone 
(9d), markedly reduced the discharge ehcited by an adequate pure tone (9c) 
When, as m 9e, the fiber is excited by the noise, the pure tone has very bttle 
effect upon the response 

Records 9c, 9d, and 9e summanze, therefore, a situation m which a noise 
by itself excites activity m the auditory nerve, yet, when sounded along with 
a pure tone, the noise prevents activity The noise seems to allow the tone 
to arouse a certam number of discharges only, these may be few m number 
9c, 9d, 9e) or none at all (9a, 9b) This fact seems to have an important bear- 
mg on the phenomenon of maskmg, and will be discussed later 

Discussion 

1 Proportion of fibers showing the inhibitory effect Of eleven fibers m- 
tensively studied with one tone for inhibition of spontaneous activity, six 
showed inhibitory areas (Fig 3) and five defimtely did not In every fiber 
that we have explored with two sounds we were able to demonstrate inhibi- 
tion of the response to the first sound Usually the effective second sound 
could be either a pure tone or a noise (the rattle) In a few fibers the only 
sound that caused inhibition was the rattle Of fourteen fibers studied m de- 
tail with two sounds, eight were spontaneously active m sdence It is not yet 
clear why some fibers should be inhibited by a limi ted range of the auditory 
spectrum (i e , why they show a specific inhibitory area), while others are 
inhibited non-specifically and only by noises Nev^heless, these inhibitory 
effects are relatively simple to demonstrate under the proper experimental 
conditions * It should be pomted out that while the number of fibers on 
which this report is based is relatively small, stnctly comparable inhibitory 
effects have been noted but not carefully studied m at least 25 other fibers 

2 a Mechanical interference Nature of the inhibitory effect The inhibitory 
effects under consideration imght arise as a result of some sort of mechanical 
mterference m the auditory system A possible place for such mterference to 
occur IS m the middle ear, where contraction of the mtra-aural muscles is 
known to depress the aural microphomcs for certam frequencies (11) The 
contractions thus might conceivably decrease nerve excitation by impedmg 
conduction across the middle ear, but it is almost mconceivable that the rela- 
tively non-specific activation of the mtra-aural muscles could account for 
the very abrupt transition from excitation to inhibition illustrated m Pig 6 
Neither could it explam the existence of sharply defined, but different, m- 
hibitory areas for different fibers m the same ammal And m one experi- 

* Dr Karl Lowy (personal commumcation) has been able to verify these observations 
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part must also be recognized (1) The cochlear potential, or perhaps some 
"generator potential” (2), might modify nerve response significantly No 
specific experiments exclude these possibihties which, however, would be 
hard pressed to explam the sharp boundary between mhibitory and response 
areas, particularly at high mtensity levels 

A third explanation for mhibitory effects m the cochlea can be given m 
terms of direct neural connections between different parts of the cochlea, 
and such connections seem to exist Thus, Lorente de N<5 (6) has described 
"spiral bundles” of nerve fibers m the cochlea which run withm the ganghon 
of Corti and " often give collaterals . which enter several regions of 
the cochlea lymg far apart from each other ” Earher, Cajal (3) confirmed an 
observation of Retzius accordmg to which bundles of nerve fibers run 
spirally along the organ of Corti between the hair cells and the basilar mem- 
brane, these were termed "spiral packets” of nerve fibers to which no func- 
tion was assigned Poljak (8) has also descnbed these "spiral fibers” which 
enter a "plexus” under the organ of Corti and eventually innervate a group 
of hair cells at some distance from their pomt of entry Poljak feels that the 
spiral fibers serve only a hmited number of hair cells, as they pass down the 
length of the cochlea, however, they are stated to " give rise to fine 
twigs which he imbedded between the hair-ceUs and are m mtimate contact 
with them” (8, pp 24-25) TeUo (10) has elegantly pictured these spiral 
bimdles (cf especially his Fig 18 and 20) 

Any one of the various anatoimcal relationships just descnbed supphes a 
basis for the explanation of inhibition m terms of a penpheral, cochlear 
mechanism Little is known concemmg the ongm, course and distnbution of 
the fibers which make up the mtraganghomc spiral bundle, and the same 
can be said for the mtemal and external spiral plexi If we assume, however, 
that some or all spiral fibers both ongmate and end m the region of the junc- 
tion between hair cell and afferent neuron, and that they convey impulses 
horn one region of the cochlea to another, a very attractive explanation for 
cochlear inhibitory effects can be formulated 

Movement of the basilar membrane would, imder this theory, excite 
fibers of both the afferent {external spiral and radial types of Lorente de Nd, 
direct fibers of Poljak) and the spiral type The afferent fibers convey their 
impulses centrally m the usual manner The spiral fibers, on the other hand, 
convey impulses to different regions of the cochlea itself At each region 
where the spual fiber collaterals tenmnate, a reduction m afferent nerve 
activity occurs In other words we assume that the spual fibers, conveying 
impulses from one to another region of the basilar membrane, depress ex- 
citabihty at a pomt distant from the region set mto motion by the stimulus 
The assumptions just outhned will adequately explam all the inhibitoiy 
effects descnbed m this paper Spontaneous activity could be reduced or 
abohshed and a second tone might depress activity aheady gome on if 
spiral fibers ^ere mvolved The mam difficulty with the hypothesis is the 
technical problem of subjectmg it to a cntical test The natxue of the sup- 
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situation in which there is an exact harmonic relation between the two tones 
it follows that the phase relations between Ti and T* may be continually 
changmg The change m phase must cause a contmual change m the pattern 
of vibration of each element of the basilar membrane that is affected by both 
tones, and continuous cancellation of movement at any one pomt not 
occur 

Inhibition by noise such as the rattle cannot be explamed by cancellation 
of movement, for the noise itself must produce an mconstant pattern of 
vibration of the basilar membrane and contmuous cancellation of any steady 
pattern produced by a pure tone is impossible 

FmaUy, spontaneous activity of the nerve fiber is sometimes inhibited by 
a smgle tone There seems to be httle possibihty of mechamcal mterference 
m this situation 

b Nervous interaction Other possible explanations for inhibition m the 
auditory nerve have a neural basis Under this headmg, therefore, mecha- 
nisms wdl be considered by which nerve exatation ansmg at one spotm the 
cochlea might depress activity m nerve fibers onginatmg m a region some 
distance away 

The inhibition might be produced by reflex action It is conceivable that 
afferent impulses aroused by sound stimulation reflexly activate efferent 
nerve fibers through S 3 maptic connections m the central nervous system 
Accordmg to Lorente de N<5 (6), Cajal has descnbed m the auditory nerve 
the efferent fibers required by tlus theory. These fibers, called "centrifugal 
fibers," termmate around the ceU bodies of the ganghon of Corti These ef- 
ferent neurons might be distributed to specific ceU bodies and by some un- 
specified mechanism prevent the passage of afferent impulses through them 
Thus impulses ansmg m the cochlea would ascend only as far as the ganghon 
of Corti It should be noted mcidentally that Poljak considers the "centrif- 
ugal fibers” to be efferent fibers to the autonomic vasomotor neurons and 
thus not directly concerned with audition (8) 

The obvious test of this theory is to section the auditory nerve central to 
the recordmg xmcroelectrode and test for inhibition thereafter Several at- 
tempts to accomplish this have failed, for the procedure mvanably destroyed 
the blood supply to the cochlea, or dislocated the microelectrode * One am- 
mal was completely strychmmzed on the theory that this might modify the 
usual picture if efferent fibers were mvolved m the inhibition The drug 
caused no change 

Another possible explanation has an electrical basis The action current 
generated by a conductmg neuron is known to modify exatabihty and con- 
duction m adjacent neurons (7) It should be noted, however, that the phjra- 
ological electrical activity causes chiefly a minor mcrease m exatabihty and 
rate of conduction, an effect which appears wholly madequate for explainmg 
inhibition m the auditory nerve The chance that electrotomc factors play a 

» Dr Karl Lowy haa successfully deraonstrated mlubition both after blocking the 
nerve with cocaine, and after section (personal communication) 
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(Fig 5) In this case the inhibitory areas may encroach upon and overlap 
the response area Thus, hy simultaneously presentmg appropriate second 
tones which prevent rather than produce discharge m the auditory nerve, it 
IS possible markedly to restrict the range of tones which can excite a given 
fiber (Fig 7) 

The inhibitory action of low tones upon the activity aroused by high 
tones IS much more widespread than the correspondmg inhibitory action of 
high tones upon low tones A tone as much as five octaves below a high-fre- 
quency excitatory tone may inhibit the discharge excited by the high tone 
(Fig 3 and 8) 

The mechanism of the inhibition is unknown Mechamcal and electrical 
factors m the middle and inner ear appear to be excluded as an explanation, 
nor does it appear to have a reflex basis It is suggested that nerve fibers under- 
lymg the organ of Corti connect widely distant parts of that structure, and 
that they serve to reduce the excitabdity of regions distant from the one set 
m motion by the inhibitory stimulus 

The function of the inhibition is obscure, but it seems probable that m 
the case of "maskmg” it plays an important role The tones which inhibit 
smgle nerve-fiber achvity m the cat have the same general distnbution as 
those which, m the human subject, are known to be particularly effective as 
maskmg tones 
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posed influence exerted by the spiral fiber upon the hair-cell or the afferent 
fiber hes, of course, entuely in the realm of speculation 

3 Physiological significance Whatever the means by which inhibition of 
auditory nerve responses is accomphshed, the existence of the phenomenon 
makes it necessary to reconsider certam widely-accepted mterpretations of 
auditory mechamsms While it is not intended to pursue this matter m detail 
here, the physiological basis of one of these — maskmg m the ear — warrants 
a bnef discussion 

"Maskmg” occurs when perception of a sound becomes difficult because 
a second sound is simultaneously impressed on the ear The current view on 
the mechanism of maskmg may be illustrated by a quotation from Sternberg 
and Gardner (9, p 14) "The nerve fibers which are activated by the mask- 
mg sound are meffective m contnbutmg to the loudness of a tone heard m the 
presence of the maskmg sound ” Maskmg occurs, accordmg to this view, 
because the maskmg tone itself activates the fibers ordmanly excited by the 
masked tone The maskmg tone "keeps the hnes busy” as it were, and the 
masked tone loses its identity (loudness) because that identity hes m the ex- 
clusive "use” of a particular group of nerve fibers 

One important feature of this explanation is that, m those fibers shared 
between them, the two sounds together produce as great or greater discharge 
than IS aroused by either alone This supposition seems to be exactly contrary 
to the experimental findmgs summarized m Fig 5 through 9, where fibers are 
shown to stop dischargmg when a second sound is presented If it be conceded 
that these figures illustrate processes imderlymg maskmg, then maskmg 
occurs not because fibers are kept busy dischargmg, but because they are 
prevented from domg so Figure 9 offers particularly strong evidence for this 
argument The rattle used there is extremely effective both m maskmg 
sounds for the human ear, and m stoppmg activity m the cat auditory nerve 
It 18 impossible as yet to say how significant "inhibition” may be m the 
explanation of maskmg, and only future study can reveal how extensively 
inhibitory effects are mvolved m such normal functions as pitch and loudness 
perception, and the analysis of complex tones 

Summary 

Further studies by micro-electrodes of the nerve impulses m smgle audi- 
tory-nerve fibers m cats show that the spontaneous discharge which occurs 
m some fibers m silence can be stopped by certam tones or noises (Fig 1) 
The tones which inhibit fall mto one or more clearly-defined "inhibitory 
areas” for each fiber, analogous to the "response area” which comprises the 
tones which excite For some fibers the inhibitory tones are higher m fre- 
quency than the excitatory tones, for others they are lower (Fig 3) Some 
fibers have inhibitory areas both above and below, while stall others fail to 
show inhibition by pure tones 

The discharge exated by an adequate tone or noise also can be reduced 
or abolished by the simultaneous presentation of a second tone or noise 
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A CERTAIN interest attaches to the search for the existence of a penod of 
supernormal excitabihty m the recovery cycle of motoneurones and other 
neurones in the central nervous system The demonstration of supemormal- 
ity m the soma of such neurones would m the first place remove the grounds 
that now exist for the quahtative distmction between the reactions of the 
neurone and its axon, and place the motoneurone m the general category of 
tissues that show a complete classical recovery cycle Beyond this, however, 
and the imphcations of physiological behavior that are to be inferred from 
the existence of a supernormal recovery phase, there is a further, and per- 
haps more important, phenomenon associated with the presence of super- 
normahty In a variety of peripheral tissues, such as axons, the sympathetic 
ganghon, and the myoneural junction, it has been demonstrated that a 
smgle subhmmal exatation may create a local disturbance much hke that 
followmg a propagated discharge, m which a penod of lowered threshold is 
mduded, presumably analogous to the supernormal penod, and produced by 
the same physiological processes (22) Dunng this penod a second stimulus, 
itself normally subhmmal, may be now of threshold mtensity and set up a 
propagated disturbance This phenomenon may be considered to be a t^e 
of "temporal” summation, m that a senes of subhmmal stimuh amvmg 
senatim at the same locus on the tissue to be excited, may by this mecha- 
nism ultimately evoke a response 

The simphcity of this scheme, and the uneqmvocal demonstration of its 
presence m a vanety of penpheral structures has naturally led to the sug- 
gestion that this same phenomenon may account for "temporal” summation 
withm the central nervous system (2, 4, 5, 6, 11) Failure to demonstrate 
supemormahty m the central nervous system, and the clear exposition of a 
completely different basis for "temporal” summation m certam motoneu- 
rones (24), has led to a general view that temporal summation of this type 
plays no part m the activity of the central nervous system (9) 

Agamst such a view must always stand the useful neurophysiological 
concept that explanations of the functions of the central nervous system may 
always be sought m the behavior of the simpler penpheral structures, and 
the behef that a simple and effective means of temporal summation would 
hardly he abandoned completely m favor of a more comphcated system In 
ad dition the search for supemormahty has not extended beyond a certam 


of Hutclun^on Fund of the Faculty 




307 


RECOVERY CYCLE OF MOTONEURONS 

the most striking resemblance to a bigennnus rhythm m the heart (Fig 1), 
where also two beats m qmck succession are repeated after a cycle longer 
than the normal mterval As far as bigemmy m the heart is concerned, the 
most plausible explanation is probably that which attributes the phenome- 
non to a supernormal phase of recovery foUowmg the first beat which so 
lowers the threshold that the second or "coupled” beat arises spontaneously 
(18) The presence of supemormality within the motoneurone could account 
equally well for "doubhng” m the soleus rhythm To test this hypothesis 
we have mvestigated the mfluence on *'doubhng” m the rhythms of soleus 
and triceps motoneurones of those factors known to modify in significant 
fashion the supernormal phase of peripheral tissues, namely, temperature, 
aad-base equihbnum, and veratnne Presumably, if spontaneous "doubhng ’ 
appears by virtue of a phase of supemormahty appearmg durmg recovery of 
the motoneurone, warmmg, acidity, and a dm i n istration of veratnne should 
magnify the phenomenon, while decrease m temperature, or al ka hmty, 
should dimimsh the frequency with which it can be observed 

METHOD 

Twenty-five cats were employed, decerebrated under ether anesthesia by the trephine 
method at the mid-coUicular level Records of single units were obtained from the muscle 
by means of a concentric needle-electrode of the Adrian type, suitable amplification and 
photographic recording on paper by means of a General Electric oscillograph Rhythmic 
discharge was induced by ehcitation of the shortening reaction Due to difiBculties occa- 
sionally encountered m recordmg single umts m byperexcitable animals when cold, with 
veratnne, or at the limits of acid or base shifts, the number of soleus units was at times re- 
duced by appropnate ventral root section This was most satisfactorily achieved by total 
section of the left 7th ventral lumbar root 

Coohng or warming of the animal was achieved by means of blankets containing finely 
divided sobd carbon dioxide, or by electnc lamps, respectively Acid-base changes were 
effected by means of mtra venous injection of N /20 — N/<10 HCl or NaOH Due to the buf- 
fenng ability of the animal, significant changes toward the aad side were not readily pro- 
duced until the injections of acid were combined with respiration of a mixture of 5 per cent 
COj and 95 per cent O- Veratnne hydrochlonde was injected intravenously in dilute solu- 
tion in total amounts of 0 3-1 0 mg 


Results 

A Temperature The mfluence of body temperature on the phenomenon 
of "doublmg” was most marked Earber observations on the jfrequency of 
the phenomenon were confirmed (Fig 2) by experiments m which a short 
senes of rhythmic discharges was evoked by gentle attempts to flex the 
jomt, or m which a tendon jerk was ebcited against a background of a per- 
sistent stretch reflex rhythm Doubled beats were noticed both on mitiation 
of the reflex and after the pause foUowmg the earber premature discharges 
caused by the tendon tap The lower the body temperature the more fre- 
quently would doubhng appear, while at higher body temperature reflex 
discharge would be more likely to start without doublmg (Fig. 3) 

A more stnkmg effect was the facihtation of the appearance of long runs 
of doubled rhythms by dimmution m body temperature Figure 4 shows a 
tnceps unit which at 39 TC showed doubhng to but a minor extent At 
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rather restricted group of neurones of somewhat speciahzed function, and 
where m fact there exists evidence for the presence of supemormahiy foUow- 
mg an antidromic impulse (24) A further search for supemormahty was 
therefore made m motoneurones of rather less speciahzed function m which 
neurone discharge is known to develop as a rh 3 rthmic response to the general 
excitatory background, and is detenmned as much by the recoveiy cycle of 
the neurone as by the mtensity of excitation Presumably such a neurone, 
firmg m a largely self-determmed rh 3 rthm, might be more likely to show su- 



Fig 1 Cat Nembutal July 11, 1944 Bipolar electrodes attached at the base of the 
nght ventricle and the threshold determined at a rectal temperature of 37 8°C , and an 
arterial pH of 7 2 There was no supernormal period, and no ertrasystoles appeared unless 
the stunulus was turned on Fourcc of 1/20 HCI were then mfused intravenously, changing 
the arterial pH to 7 1 When stimulation was turned on, frequent ventricular extrasystoles 
appeared, and contmued after the stimulation was discontinued ansmg m short bursts of 
tachycardia and coupled beats as shown here Acid administration was slowed, the coupled 
beats disappeared, and a supernormal period was found in the part of the cycle at which the 
coupled beats occurred 

pemormal recovery, and the reflexes m which it is activated more hkely to 
operate by means of temporal summation of the type found m penpheral 
tissue, than other neurones The experiments to be reported here are con- 
cerned therefore with the existence of supemormahty m the recoveiy cycle 
of tnceps and soleus motoneurones operatmg rhythmically m the stretch 
reflex 

In soleus motoneurones firmg rh)rthimcally m the crossed-extensor re- 
flex, Eccles and Hoff noted the occasional appearance of "doubled” dis- 
charges of the same umt (7) These occurred usu^y after the prolonged cycle 
foUowmg premature mterruption of the rhythm of the motoneurone by an 
antidromic impulse, and have also been noted to occur at the first discharges 
as a umt is brought mto rhythmic reflex discharge From the nature of the 
action current and the effect on the rhythm of the neurone there was no 
question but that they represented a premature spontaneous discharge of 
^e motoneurone rather than the chance discharge of another umt, or the 
pol 3 rphasic record of a smgle discharge recently described (3) 

In their general effect on rh 3 rthmic pattern these doubled discharges bear 
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39.7 °C 



Fig 4 Sept 23,1943 Decerebrate cat Triceps unit A, B Rectal temperature 39 7 °C 
A Two reflex starts showing one double and one single start Twelve starts were recorded, 
5 started singly and 7 doubled once only B Tendon taps against a stretch-reflex back- 
ground No doubling in 8 recorded taps 

C, D Rectal temperature 35 5°C The same unit shownng persistent doubimg at the 
start of a stretch reflex (C) and piersistent doubbng after an early tendon reflex discharge 


35 5°C the unit doubled regularly on starting the stretch reflex, and on 
ehciting a tendon jerk, a previously single rhythm was converted mto a per- 
sistent doubled rhythm 

These doubled rhythms taken by themselves (see Fig 10) might appear 
to result from the chance association of two separate units, or from some 
unusual t^^ie of polyphasic record of a smgle imit (3), were it not for the 
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I — I 0 1 sec 



Fig 2 Sept 19, 1943 Decerebrate cat Rectal temperature 37 4°C Triceps unit A 
Three short bursts of rhythmic discharge ehcited by gentle attempts to flex the elbow Of 
16 reflexes recorded, 13 started with double, 3 with single discharge B Two tendon taps 
ehcited against a stretch-reflex background Doubhng after the earher reflex interruption 
of the rhythm but not after a somewhat later premature discharge 


36.3 



Fig 3 Oct 6,1943 Decerebrate cat Left 7th lumbar ventral root sectioned Records 
from left soleus A Three reflex starts at a rectal temperature of 36 3°C , showmg one or 
two doubles Of 28 recorded reflex starts, 26 doubled once, 1 twice and 2 showed no doubling 
B Two reflex starts at 38 0°C , showmg no doubhng Thirty-one reflexes were recorded at 
this temperature of which 28 were single and 3 doubled once only 



RECOVERY CYCLE OF MOTONEURONS 


311 


27 5 ° C 



26 0”cVort B Sept 30, 1943 tnceps unit at 

?, .vs Sg 

T.m,?g ° VV Vd?XT‘.11‘S?* ■ ■' 


'Stag** “ ** -leuB umU 

This relative identity of reaction of the motoneurones within a single 
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I — I 0. 1 sec 



Fig 5 Sept 15, 1943 Decerebrate cat Triceps unit, temperature not recorded, 
showing change-over from double rhythm to smgle rhythm 

fact that their relation to smgle discharges can clearly be demonstrated as 
m Fig 4D and m Fig 5 and 6 

Of final mterest m regard to the influence of temperature is the observa- 
tion that as temperature feU, triple discharges were observed Some instances 
of these are seen m Fig 7 Attempts to produce quadrupled discharges were 
largely defeated by the difficulty of retammg the isolation of smgle umts m 
the spasmodic hyperexcitabihty shown by the decerebrate cat at lower 
temperatures Figure 8 shows an example of a soleus motoneurone discharge 
at 34°C m which, despite the presence of other units, quadruple discharges 
may possibly be present 

In general, withm a given motoneurone pool, various mdividual umts 
reacted m much the same fashion This may be seen m Fig 7B, where two 
triceps umts may be distmgmshed, each startmg with a tnple response, and 
contmumg with a double rh3rthm Figure 9 affords a somewhat better illus- 
tration, masmuch as it shows three soleus umts startmg out with fauly per- 

f — I 0 I se c 



Fig 6 Sept 15, 1943 Decerebrate cat Soleus umt, unrecorded temperature, pre- 
sumably between 35 0-36 0°C This record shows the change from double discharge to 
smgle discharge as the reflex drive was increased by greater pull on the tendon, and the 
return to a double rhythm as the reflex drive was diminished 
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Representative records m each experiment were measured by means of a 
dissectmg microscope and ocular micrometer, to detemune the mterval sepa- 
ratmg double discharges The least measured mterval m a normal umt was 
2 9 msec , in a triceps umt which contmued to show doubhng at 39 4°C In 
the experiment with veratrme illustrated m Fig 13 and 14, however, it was 
frequently found that an mterval of no more than 2 5 msec separated m- 



A SS.O^C pH 7.5 



}b SSO'C pH 7.2 

1 



Fig 12 July 4, 1944 Soleus unit at a rectal temperature of 39 0°C throughout the 
expenment A Control Thirteen out of 13 reflexes started with single discharges pH 7 5 
B After respiration of 6 per cent CO. and 95 per cent 0; for 10 minutes during whidi 5 c c 
N 20 HCl was slowly infused into the right saphenous vem pH 7 2 Twenty-six of 27 
starts were doubled, and many short runs of double discharges were seen, two of which are 
shouTi 


dividual discharges, particularly when multiple finng occurred In a great 
many evpenments both soleus and triceps showed doubles at from 3 0 to 
3 5 msec The greater number of doubles ranged from 3 5 to 5 0 msec , how- 
ever Doubles at 6 0-10 0 msec were less frequent, though occasionaUv 
doubles were found at 12 0 15 0, and 20 0 msec Doubhng after somewhat 
greater intervals may have been present an some experiments 
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before triples could be recorded Determinations of the pH of the arterial 
blood by means of a Beckman pH Meter, usmg the hypodermic type of 
sealed glass electrode, showed a drop from 7 5 to 7 2 in the expenment re- 
ported m Fig 12 

C Veratrine The experiments with veratrme followed much the same 
pattern as those m which coolmg and acid were employed When units were 



Fig 11 June 2, 1944 Decerebrate cat Left 7th lumbar ventral root sectioned Rectal 
temperature 39 7 “C throughout A Control Of some 100 reflex starts recorded or observed 
on the screen, there were no double responses B After breathmg 6 per cent CO, and 95 per 
cent Oj for 25 mm with the slow mtra venous injection of 15 c c N/20 HCl AH starts were 
doubles out of approximately 50 trials On cessation of administration of acid and of 
breathing COj, doubling disappeared, and reappeared where the acidifying procedure was 
remstituted Soleus unit 

isolated at temperatures at which doubhng did not occur, it was found possi- 
ble to evoke the phenomenon by the careful mtravenous dnp of veratnne 
acetate (0 05-0 1 mg per c c ) m total quantities of 0 3 to 1 0 mg Because 
of the rapid appearance of general reflex hyperactivity, which seemed par- 
ticularly marked in the extensor muscles, when more veratrme was given, 
well estabhshed double rh3rthms were not often seen (see, however, Fig 
13 B) The characteristic effect noted with veratrme was the appearance of 
multiple discharges In a preparation m which a smgle pan of discharges 
alone was seen m control reflexes, three, four, five, and even six closely 
spaced discharges were observed (Fig 13 and 14) 


Fig 14 Continuation of Fig 13 In A are seen successively a senes of six, four, sis, 
and four discliarges In B three reflexes consist of, or start urth, e discharges, and in C a 
group of SIX closely spaced discharges is seen 


13 July 8, 1944 Decerebrate cat Tnceps unit Rectal temperature at the start 
of this expenment v,ns 40 0°C , and rose slowly and progressi\ ely to 40 3'C by the end 
oftheoxpenment 

A Control A single double discharge was found at the start of 24 out of 27 reflexes 
recorded No tnple discharges were seen in over 50 reflexes recorded or obsened on the 
screen 

B C-D Stages nppeanng ns 0 4 mg reratnne acetate were slowly injected In B double 
Th> thms appear, in C a pair of doubles arc closelj associated to form quadruples In D 
triple and quadruple discbargos are seen 
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Fig 13 See opposite page for legend 
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The motoneurone will discharge a second titne in quick succession, and cause 
the "doubhng” we observe The recovery cycle following this impulse will 
be modified significantly by the fact that durmg repetitive firmg subnor- 
mahty appears to summate, while supemonnahty does so to a lesser extent 
(8) Because of this, the supemormahty of the previous cycle new becomes 
only a dip m the recovery curve, insufficient to brmg the threshold below its 
normal level, and no further discharge occurs until, toward the end of the 
subnormal pened, excitation level and threshold agam meet Thereafter, be- 
cause of the moderate accumulation of subnormahty, doubhng disappears, 
until, foUowmg the premature discharge by a tendon tap, a long enough 
mterval ensues for subnormahty to subside, when doubhng may agam ap- 
pear 

Factors mcreasmg the mtensity of supemormahty m a y do two thmgs 
Doubhng will persist longer and at higher levels of reflex drive because a 
greater accumulation of subnormahty will be required to elevate the dip m 
the recovery curve above the normal threshold The greater the reflex drive, 
and the more rapid the consequent rh 3 rthm, the greater will be the summa- 
tion of subnormahty, and the more difficult will it become to mamtam a 
double rhythm Thus a umt wdl double at the start, change to smgle dis- 
charge with more mtense reflex drive, and will revert to doubhng as the 
drive IS lessened (see Fig 6) When the supernormal penod is even more 
mtense, summation of subnormahty resulting from two discharges will be 
msufficient to elevate the threshold sufficiently to prevent a third discharge 
durmg the supernormal period, and the theoretical hmit to the number of 
qmck discharges that might thus occur is not known 

The mtervals which separate double discharges may serve to place time 
hmits on the duration of supemonnahty m the motoneurone The usual 
himts were from 3 0 to 15 0 msec , although occasional doubles at shghtly 
shorter and somewhat greater mtervals were observ'ed These are ahno^ 
exactly the himts of supemonnahty observed m mammalian A fibers studied 
in situ by Gasser and Grundfest (13), Graham and Lorente de N<5 (16), and 
Lorente de N<5 and Graham (24) It mdicates that, while supemormahty 
may not always be present m motoneurones, when it is present it follows 
the same tune course as it does m the axons denved from the motoneurones 
It IS difficult to be certam about the biological usefulness of supemormal- 
ity itself m these particular motoneurones As has been pomted out by Gas- 
ser (8), supemormahty festers the development of rapid discharges m 
nervous tissues, as opposed to the slower rh 3 rthms regulated by the sub- 
normal penod Tneeps and soleus motoneurones are throughout the major 
part of their activity regulated by this latter mechanism m a relatively slow 
rhythm, approximately as fast as that of a rat heart beatmg at its maYimum 
rate The supernormal mechanism, however, makes possible a double or 
tnple discharge at a rapid rate at the onset of the slower rhythmic discharge, 
or whenever the discharge has been halted momentarily This m turn means 
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Discussion 

The expenmenta reported here do not constitute a demonstration of the 
existence of supernormahty in the traditional manner of threshold determi- 
nation They present rather a senes of phenomena that can best, and per- 
haps only, be explained by the presence of a supernormal penod Based on 
an analogy with bigeininus rhythms m the heart, they demonstrate that 
spontaneous double discharge of soleus and tnceps'motoneurones reacts m 
a predictable fashion to agents and factors known to modify significantly 
supernormahty in penpheral tissues 

The only exception appears to be the influence of cold, which m isolated 
frog’s nerve dimimshes the duration and amphtude of the negative after- 
potential and presumably operates m the same manner on supernormahty 
(10, 12) The association between the two may not always be complete 
(14, 15), however, and there may be considerable differences m the effect of 
coohng a nerve alone and coohng the entire ammal Moreover Katz (20) has 
shown that coohng frog’s nerves facihtates the appearance of repetitive 
firmg, which can be as well explamed by the development of supernormahty 
as by diminution m the rate of accommodation, although the distmction be- 
tween the two processes may be hard to make This problem is the same as 
that which must be faced m explammg the rh 3 dhmic oscillations noted by 
Lehman m nerve-fibers m alkaline or calcium-free media Here rhythmic 
alternations between relative negativity and positivity occur and propagated 
discharges are set up at the negative crests Such negative crests appear to 
resemble negative after-potentials, yet are produced by factors winch usu- 
ally reduce them Obviously the problem requires further elucidation, it is 
p lain however that the apparently paradoxical behavior of soleus and tnceps 
motoneurones is not umque, and has similarities to that of nerve fibers 

While mdirect, the evidence appears strongly convmcmg that m the 
motoneurones studied recovery through supernormahty is a regular occur- 
rence withm the normal range of body temperature and pH By extrapola- 
tion, one IS justified to assume that, although supernormahty m the stnct 
sense may not be found mvanably, there nevertheless occurs, as Lorente de 
Nd and Graham (24) pomt out, an early dip m the recovery cycle, which, 
although it does not bnng the excitabihty below the normal threshold, 
nevertheless is a sign of the presence of those physiological reactions re- 
sponsible for the appearance of supernormahty itself m more favorable cir- 
cumstances 

A postural motoneurone dischargmg for the first tune under the impetus 
of reflex drive m the shortenmg reaction or crossed-extensor reflex presum- 
ably passes through the classical sequence of excitabihty changes If super- 
normahty IS present, the threshold will drop below its normal level, and m 
the presence of a constant bombardment of impulses, one or a number of 
synaptic impulses amvmg simultaneously withm a certam area of unknown 
limits ynll constitute a threshold stimulus, and act as "detonator” impulses 
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quantitative differences are present which he at the root of the specialized 
functions performed by each neurone This individuahty of the various 
categones of neurones must restrain the temptation to consider one neurone, 
or one motoneurone, as a "sample” neurone 

Summary 

1 An analogy between the phenomenon of spontaneous "doubling” m 
the rh 3 rthmic discharge of soleus and triceps motoneurones and bigeminus 
rhythm m the heart leads to the suggestion that a supernormal period exists 
m the recovery cycle of these neurones 

2 Procedures known to enhance supemormahty m peripheral tissue, 
namely, acidity, and administration of veratrme, mcrease the frequency 
with which spontaneous doubhng appears, make possible the establishment 
of "double” rhythms, and permit "tnphng” and even perhaps "quadrup- 
hng ” With veratrme as many as six discharges m rapid series have been 
counted Coohng also mcreases doubhng 

3 The various phenomena observed may be explained best by the as- 
sumption that the neurones studied recover from a propagated discharge 
via supemormahty 

4 The immediate usefulness of supemormahty may be to perrmt the 
rapid development of muscular tension at the start of reflex activity 

5 The possibflity is opened for the existence m the central nervous sys- 
tem of a type of temporal summation based on threshold lowering foUowmg 
a subhinm^ stimulus (the second phase of summation) 
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the most favorable summation of muscular contraction, and forces the 
muscle to its maximum contraction m a shorter time than would be required 
if discharges were smgle and well spaced out from the begmnmg 

The enhancement of supemormahty by coohng suggests that this prop- 
erty of recovenng tissue may constitute the basis for the efferent impuls^ 
noted m dorsal roots by Toenmes (25), and shown to be enhanced by cold 
by Barron and Matthews (1) Were the synaptic endmgs of the dorsal root 
fibers to pass through a phase of marked supemormahty, they might well 
be restimulated by the activity of the cells they themselves exated The 
observations of Grundfest (17) and Ozono de Almeida (25) might also be 
explamed on the same basis 

It may well be, however, that the major function of the processes re- 
sponsible for supemormahty is to provide a simple mechamsm for temporal 
summation of the type outlined m the mtroduction, and proposed by Eccles 
and others This problem remains for further elucidation, the present work 
can be said only to brmg back mto discussion the possibdity of such a 
mechamsm 

The hterature of temporal summation is not altogether clear as to the 
various possibdities that may exist Fulton mentions but two Actually, as 
Lorente de N<5 makes clear, there are three The first is the only one that 
can be called "true” temporal summation This is the event that occurs m 
a peripheral nerve when two stimuh, mdividually subhmmal, are dehvered 
to the same region of the nerve at an mterval less than that of the duration 
of the actual stimulus itself For electncal stunuh this is an extremely bnef 
mterval and the refractory period of a nerve termination m the central 
nervous system must be great enough to prevent this type of summation to 
result from successive impulses dehvered over the same synaptic terminals 

The second type of temporal summation is that made possible by the 
existence of delay paths within the central nervous system, and Lorente de 
Nd has presented a great part of the weighty evidence that this fype of sum- 
mation does m fact occur 

It IB the third type which is rendered possible by the background of su- 
pemormahty Here there is no actual summation of stunuh, which occurs 
m the two precedmg schemata Instead, a first subhmmal stimulus creates 
a local electrotomcaUy propagated disturbance at one stage of which the 
threshold is lowered sufficiently for a second or some subsequent stimulus 
to be effective (the second phase of summation of Lorente de Nd) If such 
a mechanism participates m the reflex behavior of the cord, or m the more 
comphcated reactions of the bram stem and cortex, it need not displace other 
mechanisms or be equally important m all cucumstances It is seen that a 
significant difference exi^ m the behavior ansmg out of supemormahty 
between triceps and soleus motoneiuones If such differences can occur be- 
tween two neiuones of so closely alhed functions, it can be imagmed that 
far greater variations occur m other categories of neurones This leads to the 
condusion that, while quahtative sumlanties exist between neurones, vital 
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THE NOBEL PRIZE IN PHYSIOLOGY AND MEDICINE 

FOR 1944 


The annoukcement from Stockholm on October 26th that the Nobel Prize 
m Physiology and Medicine for 1944 has been awarded to Joseph Erlanger 
and Herbert S Gasser, both members of the Advisory Board of the Journal, 
will brmg deep gratification to all those who, durmg the past twenty-five 
years, have followed the rapid growth of neurophysiology The award stands 
as a highly significant tribute to neurophysiology m the broader sense, and 
it gives merited mtemational recogmtion to two of the most gifted and re- 
sourceful mvestigators of this century All will ]om in expressmg great satis- 
faction that the distmgmshed prizes which had lapsed smce 1939, can once 


more be awarded 

Professor Erlanger had been known to an earher generation of physiolo- 
gists for his outstandmg work on the heart, particularly his lUummatmg 
studies on heart-block and on the dynamics of the circulation His papers on 
blood pressure determmation are classic Soon after the introduction of the 
stung galvanometer, he began to use the electrocardiograph, there followed 
a senes of fundamental papers by Erlanger and his students which contnb- 
uted notably to our understandmg, not only of the events of the cardiac 
cycle, but also of the general nature of electncal potentials m hvmg tissue 
Thus when Dr Erlanger some twenty-five years ago turned his attention to 
action potentials m nerves, he already had a broad background m electro- 
physiology through his earher work on cardiac potentials For many years 
Dr Erlanger has been known as a stimulating teacher, much beloved, and 
those who have followed his wntmgs can appreciate his mdustry and re- 
sourcefulness, also his record of over forty years of sustamed productivity 
m experimental physiology 

Herbert Gasser joined the faculty of the "Washmgton Umversity Schoo' 
of Medicme m 1916, first as am Instructor m Physiology, later he was ap- 
pomted Professor of Pharmacology "When war came he and Professo) 
Erlanger threw their energies mto a collaborative study of traumatic shock 
at the same tune carrying on important work on the blood substitutes Wher 
the war ended in 1918, stnkmg new developments m electromc physics hac 
been made, and Gasser, one of the first physiologists to explore the field 
devised a cathode ray oscillograph which made it possible to record for th< 
first time without distortion the rapid action potentials of nerve In the firsi 
paper based on amphfication, pubhshed with the physicist, H S New- 
comer, Gasser descnbed the thermiomc vacuum tube amplifier with whicl 
they had analyzed the action potentials in the uncut phremc nerve of the ca1 
(1) Eighteen months later appeared the classical paper of Gasser and Er- 
langer entitled "A study of the action currents of nerve with the cathode ra\ 
oscillograph (2) Here for the first time were set forth correct time relations 
oi ine action potential, or snike ontj^ntinT nc if to nnirr j 4.1 1 
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A NOTE ON THE TWO COMPONENTS OF THE 
DORSAL ROOT POTENTIAL* 

F T DUN AND T P FENG 
Department of Physiology, Peiping Union Medical College, 

Peiping, China 

(Received for pubbcation July 26, 1944) 


A PRELIMINARY report by Dun on the dorsal root potential states that strych- 
nine, while it increases the size of the potential, appears at the same time to 
make its latency longer Such a comhmation of effects, however, seemed 
rather improbable, and the present work was undertaken to ex am i n e the 
matter further Figure lA reproduces a t 3 ^ical experiment on the spmal 
cord of the toad m which the potential was led off from the 3rd dorsal root 
while the stimulus was apphed on the ipsdateral 9th root about 10 miiL 
away The record of the potential imder these circumstances presents m its 
nsmg phase two distmct steps betraymg the presence of two components 
This result is defimte enough without strychnmization (Fig lA) But 
strychmne makes the separation of the two components clearer by actmg on 
them differentially Figure IB taken 5 5 mm after the mtroduction of 
strychmne shows the large mcrease of the second component with no ap- 
preciable alteration of the first Figure 1C taken after another half hour, at a 
more advanced stage of poisonmg, displays the difference m a stfil more stnk- 
mg form The second component is now not only greatly mcreased but also 
exhibits rhythmical oscillations, while the first component remains small 
The whole potential when recorded with low amplification gives a picture m 
which the first component may be readily overlooked, givmg rise to the 
impression of a large potential with a long latency. This m fact was the im- 
pression obtamed by Dun (1) The separation of the two components can 
be rendered more stnkmg by a further procedure which completely abohshes 
the first component without appreaably affectmg the second This is to 
make a transverse cut of the dorsum of the spmal cord imdway between the 
leadmg and stimulatmg roots, the depth of the cut bemg about a quarter of 
the cord Figure ID shows the result of this procedure It is seen that the 
first part of the potential is completely abolished, the curve startmg only 
after the long latency of about 40 msec The maximum is also reached later 
but there is only a shght dimmution m its size Makmg the cut deeper delays 
the maximum further (Fig lE) But even when the cord is cut about three 
quarters across, there may be httle dimmution m the size of the potential 
eventually attained (Fig IF) 


in the Eumaicr 011941 Dr Dun is now m the Depar 
mcnt of Psjcholo^, National Southwest Associated Uni\ersity, Kunming, Dr Feng 
nt present in the Department of Physiology, National Shanghm Medical CoDege, Chi^i 
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gave the first indication of the existence of nerve components of diiferent 
characteristics Thus were the seeds sown for the nch harvest that followed 
In 1924 came the proof, by one of the most mgemous and decisive experi- 
ments m the history of physiology, of the compoxmd nature of the action 
potential in nerve (3) The contmuation of this work led to an exhaustive 
determination of the constants of nerve fibers and the classification of nerve 
fibers accordmg to their properties much of the detail of which was sum- 
marized and extended m 1939 (4, 5) 

The direct collaboration with Professor Erlanger ceased m 1933, when 
Dr Gasser was called to the Chair of Physiology at Cornell Medical College 
m New York City and later (1935) to the Directorship of the Rockefeller 
Institute for Medical Research, which position he continues to hold A 
spiritual collaboration between Erlanger and Gasser, however, stdl goes on, 
for each one — despite their separation and despite recent exigencies of war — 
has contmued to elucidate important functions of the nervous system 
Dr Erlanger has devoted attention more particularly to further analysis of 
the phenomena of excitation and action m peripheral nerve fibers, m the 
behef that the comphcated phenomena of the central nervous system will 
find their fundamental explanation m the relatively simple analogies of 
nerve conduction Dr Gasser, likewise eqmpped with the necessary msight 
mto the properties of nerve fibers, has been able to make a frontal attack on 
the formidable problem of conduction m the bram and spmal cord 

Each has contnbuted his share to foimdmg the neurology of the future 
Just as Cajal and Golgi, Nobel Laureates of 1906, provided a fundamental 
understanding of the finer structures of the nervous system, and Shemngton 
and Adrian, Nobel Prizemen of 1932, elucidated the patterns of activity m 
the nervous system, so Erlanger and Gasser have been unfoldmg the mech- 
amsms of that activity 

The work of these men and of the many students inspired by them is 
recastmg the science of neurology m a new and more adequate mold, wherem 
tune relations stand on an equal footmg with spatial concepts m elucidatmg 
mechanisms of reaction 


The Editors 

27 October 1944 

1 Gassek, H S , and Newcomer, H S Physiological action currents in the phrenic 
nerve An apphcation of the thermionic vacuum tube to nerve physiology Amer J 
Physiol , 1921, 57 1-26 

2 Gasser, H S , and Erlanger, J A study of the action currents of nerve with the 
cathode ray osciUograpb Amer J Physiol , 1922, 62 496-624 

3 Erlanger, J , and Gasser, H S The compound nature of the action current of nerve 
as disclosed by the cathode ray oscillograph Amer J Physiol , 1924, 70 624-666 

4 Gasser, H S Axons as samples of nervous tissue J Neurophysiol , 1939, 2 361-369 

6 Erlanger, J The imtiation of impulses m axons J Neurophysiol , 1939, 2 379-379 
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tions directly from the ascending collaterals of the 9th root m the dorsal 
columns, while the second is produced by impulses pursuing a more devious 
course among the mtemunaal neurone chains between the two roots For, 
assummg as is usual that the action of strychnine lowers S 3 rnaptic resistances, 
a striking effect of this drug is only to be expected where there are many 
synapses to be traversed And given a suflBcient lowering of S 3 Tiaptic resist- 
ances, it 18 not surpnsmg that the stimulation of the 9th root can exert its 
undimmished influence on the 3rd root even after their direct fibre connec- 
tions m the dorsal columns are severed The second part of the dorsal root 
potential recorded evidently has its ongm m the activity of the mtemuncial 
neurones Whether the first also mvolves mtemuncial neurones or not, can- 
not be so defimtely stated But it is m accordance with the economy of hy- 
pothesis to suppose that even the first part is due to certam mtemuncial 
neurones m the immediate neighbourhood of the 3rd root ter min ations 
activated directly via the ascendmg collaterals of the 9th root 

REFERENCE 

Don, F T Restoration of dorsal root potential by strychnine after abobtion by partial 
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Fig 1 Cathode-ray oscillograph records of the dorsal root potentials m the toad, 
22 6°C Stunulus on the 9th dorsal root, record from the 3rd dorsal root about 10 mm away 

A, normal control taken at 10 45, 1 hr after dissection, 2 different strengths of stimulus, 

B, taken at 10 67, 6J min after mjecting 0 1 cc 1/300 stryctmine mtrapentoneally, time 
marks 60 cycles, C, lower curve taken at 11 27§, amphfication same as in precedmg rec- 
ords, upper curve 1 min later with greatly reduced amplification These two amphfications 
are used m each of the subsequent records D, dorsal } of the cord sectioned at 11 39 about 
midway between 3rd and 9th roots, records taken 1-2 min afterwards, E, cut deepened 
to about i of the cord at 12 15, records 1 min later, F, cut further deepened to about 
} of the cord at 12 18, records 5-6 min latCT 

Discussion and Conclusion 

The potential in one dorsal root produced by the stimulation of another 
and distant dorsal root naturally divides itself mto two parts The first part 
has the characteristics of bemg not appreciably affected by strychmne but 
readily abolished by sectiomng the dorsal columns of the cord between the 
stimulatmg and leadmg roots The second has the opposite characteristic, 
piz , it IS greatly enlarged and prolonged by strychmne but qmte undimin- 
ished by the sectiomng of the dorsal columns To explain this difference, the 
most obvious supposition to make seems to be that the first part of the 
potential results from impulses reachmg the region of the 3rd root termina- 
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Introduction 


It is an established and universally recognized fact that the cerebellum is a 
place of convergence of impulses from proprioceptors located throughout the 
body The great emphasis placed on this fact, the tacit assumption that the 
spmocerebeUar tracts convey only impulses of proprioceptive ongm, and 
the nature of signs and S3rmptoms resulting from cerebellar deficit doubtless 
have combmed to discourage serious experimental exammation of the possi- 
bdity that impulses from other groups of receptors also pass to this organ 
Yet a number of considerations warrant the h3rpothesis that at least some 
classes of exteroceptors possess a cerebellar representation The present m- 
vestigation was begun when the foUowmg facts were considered together (i) 
tactile impulses are relayed by the nuclei gradhs and cuneatus to the thala- 
mus and thence to the cerebral cortex, and (u) these same nuclei, accordmg 
to many workers, send fibers to the cerebellum by way of the external arcu- 
ate fibers Smce there is no good reason for supposmg that all impulses 
earned from the nuclei of the postenor columns by the external arcuate sys- 
tem ongmate only in propnoceptors, it seemed reasonable to attempt to 
determme whether impulses from tactile end-organs pass to the cerebellum 
The success which has attended recent attempts to map areas of sensory 
projection m the bram by recordmg evoked potential changes led us to use 
this method It soon was found that the apphcation of an appropnate tactile 
stimulus to the region of the foot of a cat evokes discrete potential changes m 
defimte cerebellar areas The extension of this ongmal observation enabled 
us to secure evidence of the existence of a topical projection of certam parts 
of the cutaneous tactile system to the cerebellum 

Studies on the auditory system were imtiated when it was observed that 
discrete surface positive potentials of latencies shorter than those of the 
tactile responses were evoked durmg displacement of hairs around the 
external ear Since the mechamcal stimulator used to move the hairs made a 
low chekmg sound and smce the evoked potentials proved not to be tactile 


* aspects of this work were published in abstract form in 1942 (20, 21, 23, 24) 

t T^e present paper was in manuscript form before the authors were aware of the 
publication bj E D Adrian on "Afferent areas m the cerebellum connected wath the limbs” 
(Bram, 1943, 66 289-315) Although Professor Adrian e\oked cerebellar responses bv 
pre^ure, mo% ements of joints, and stretching of muscle as well as by touch, the map which 
afferent projection to the anterior lobe of the cat agrees in almost 
obtained on the basis of uncompheated tactiJe stunulation and 
presented at the meetings of the American Physiological Societj m Boston m 1942 f21) 
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The stimulus used for studies on the auditory system consisted of a chck from a loud 
speaker activated by a thyratron stimulator The speaker usually was placed about twelve 
mches above the head and approximately equidistMt from the two ears Smgle or repeti- 
tive stimub (1 per sec ) were employed In a number of cats, each under sodium pento- 
barbital anesthesia, the auditory area was explored after unilateral or bflateral destruction 
of (i) the auditory ossicles, (u) the eighth cramal nerves, (m) the fifth cramal nerves, or (iv) 
the mfenor colhcuh 

The stimulus used for studies on the visual system consisted of a low mtensity flash 
from a 3 watt hehum-filled neon lamp placed 1 to 2 inches from the pupfi of one eye The 
other eye was carefully shielded and did not receive any photic sbmuh The animal was 
kept m a dark room and atropme sulfate instilled m the eye The hght was arranged to 
flash once per second, smce this mterval was found to be longer than the recovery time of 
the system under study 

Delimitation of the cerebellar visual area was achieved m a senes of experiments on 
cats under either chloralosan alone or under a mixture of chloralosan (60 mg per kg ) and 
sodium pentobarbital (10 mg per kg ) A surgical level of sodium pentobarbital anesthesia 
almost unvanably suppressed completely the responses of this system m the cerebellum, 
and it should be emphasized that when a relatively weak photic stimulus is used the choice 
of an anesthetic is very important In the course of this part of the work the visual area 
was explored before and after bilateral removal of the eyebds and extraocular muscles 
(3 animals) In addition, one chromcaUy decorticate cat was used 

Results 

In reporting the results of a study devoted to mapping the cerebellar 
areas related to different peripheral receptors, it seems desirable to present 
them m a graphic manner The figures which illustrate the results were con- 
structed by placmg photographs of the oscdlograph traces on an outline 
drawing of the cerebellum at pomts corresponding to those at which they 
were recorded 

It should be emphasized that only the readily accessible portions of the 
cerebellar foha were explored No attempt was made to place the pick-up 
electrode directly on any part of the extensive cortical surfaces which he 
buned m the fohal fissures It is reasonable to suppose, however, that if such 
a laborious exploration were earned out it would reveal nothmg topographi- 
cally more significant than a senes of inward extensions of each of the areas 
we have been able to map on the basis of responses which occur at accessible 
pomts 


1 The tactile areas 

The electneal response evoked by a tactile stimulus and recorded from 
the pial surface of the cerebellum is one m which the predonunant feature is a 
surface positive wave Often the response is monophasic, and it is constant 
in appearance at any one pomt when evoked repetitively Occasionally, the 
surface positive wave is preceded by a small surface negative wave More 
frequently, however, the positive wave is followed by a negative excursion 
Sometimes a tnphasic response is observ’^ed m which the three components 
are first a negative wave, then a larger positive wave and, finally, a second 
negative excursion, the positive component is always the largest of the three 
vhen sodium pentobarbital anesthesia is used and this is usuaUv the case 
nhen chloralosan is the anesthetic 
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m ongin, it became evident that we were deahng with a representation of 
the auditory system in the cerebellum Subsequent experiments adequately 
estabhshed this fact Naturally the question then arose as to whether any 
other major exteroceptive system sends impulses to the cerebellum Subse- 
quent experiments were earned out to examme this point, and it was soon 
found that impulses of retinal ongm reach certam cerebellar cortical areas 

METHODS 

The present report is made on the basis of a study of approximately 150 cats Studies 
on the monkey {Macaca mulatto) have been limited to the tactile system (22) and these 
observations only permit the statement that the responsive cerebellar areas m this species 
have essentially the same locations as those found in the cat The cerebellum was exposed 
by rongeunng away the overljrmg bone and incismg the dura Any bleeding encountered 
in the course of the exposure was controlled by the usual techniques In long expenments 
the exposed cerebellar surface was moistened with cerebrospmal fluid and the areas not 
under exploration were protected from drying by covenng them with dura mater or with 
mmeral oil In each experiment aU the accessible folial surfaces were explored The most 
ventral structures, namely, hngula, flocculonodular lobe, and ventral parts of parafloccuh 
lobulus centralis, and uvula were not examined 

The evoked potentials were amplified by a three stage resistance-capacity coupled 
ampbfier and were visuahzed on a cathode ray tube or recorded, when desired, by photo- 
graphing the cathode ray trace After trymg various kinds of electrodes we adopted as the 
most satisfactory a unipolar one made of a sahne-moistened cotton thread The indifferent 
electrode was placed either on the muscles of the neck or in contact with the subcutaneous 
tissues of the neck, face or scalp In all expenments the connections were such that elec- 
trode positivity was mdicated by an upward deflection of the electron beam The fast 
spontaneous electneal activity of the cerebellum was filtered out without distortion of the 
evoked changes 

The evoked potentials have been observed under several kinds of anesthesia Although 
most of the successful expenments were done on cats under sodium pentobarbital (36 mg 
per kg ) or chloralosan (70 mg per kg ) or a mixture of the two, ether, chloraloae, urethane, 
and chloral hydrate were tned smgly and in certain combmations with sodium pento- 
barbital All anesthetics except the ether, were administered by the intrapentoneal route 
One chrome decerebrate cat under hght sodium pentobarbiM anesthesia was used and 
several acute decerebrate preparations were explored after withdrawal of the ether In the 
study of the visual area use Was made of a chrome preparation without neocortez The 
rectal temperatures of the experimental ammals were usually kept between 35° and 38 °C 

Studies on the tactile system were earned out while stunuh were apphed to hairs over 
chosen body surfaces by means of a small artist’s brush ngidly attacied to the moving 
armature of an electromagnetic device the coils of which were energized by a pulse of 3 to 6 
msec duration Arrangements were such that the movement of the stimulatmg brush 
occurred at a given point on the x-axis hne of the cathode ray tube The brush produced 
a quick displacement of a few hairs through a distance of about 0 6 mm Thus the stunulus 
was the same as that used by Marshall, Woolsey, and Bard (14, 25) m their studies of 
somatic sensory mechanisms of the cerebral cortex It is necessary to emphasize, as they 
have done, the desirabdity of using as a stunulus the abrupt displacement of a few hairs 
In no case was the brush allowed to come into actual contact with the skin The stimulus 
was repeated at regular mtervals of 1 second, this was found to be a rate sufiBciently slow to 
ensure that each successive stimulus fell outside the recovery period of the system givmg 
the evoked responses 

The tactile areas were mapped by means of two procedures With the pick-up elec- 
trode at one position on the cerebellar cortex, responses were recorded as the tactile stimu- 
lator was apphed senatun to all parts of the body surface In this way the relation of a 
given "point” on the cerebellar cortex to some portion of the tactile surface of the body 
was established The first method was supplemented by explormg areas of the cerebellar 
cortex millimeter by millim eter with the pick-up electrode while the stimulator was fixed 
to displace a few hairs at a given penpheri locus Thus, it was possible to deterrmne which 
areas yielded maximal, mtermediate, and minima l responses 
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tnaxunal responses usually lies between the sixth and seventh foha hut we 
have been unable to determine with any certamty whether or not it con- 
tmues throughout the depth of the fissure The responses here show latencies 


hairs around footpad of left forepaw stimulated 



Fig 1 Distribution of potential changes evoked by bnef displacement of hairs around 
pads of left forepaw of a cat Sodium pentobarbital anesthesia There are three responsive 
areas an anterior one centered at the posterolateral comer of the ipsilateral anterior lobe 
and extending into the adjacent parts of lobulus simplex and crus I, and two posterior 
areas, one in each paramedian lobule In this and in all subsequent figures an upward de- 
flection indicates a surface positive piotential change Upper tune signal is for anterior 
responses, loner for those in paramedian lobules Inset at lower nght shows responses at an 
active point on anterior lobe before and after decerebration at an intcrcoUicular level 

which range between 28 and 34 msec , m wave form they are identical to 
those of the forepaw area 

The responsive area m the paramedian lobule, which is related to the 
hindpaw, overlaps that of the forepaw area (Fig 4), but the region of man- 
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In order to ekmmate the possibiliiy of activation of pressure receptors or 
propnoceptors care was taken that the stimulating brush was m hght con- 
tact with hairs and that it never actually pressed on the skm Also, every 
precaution was taken to guard agamst movement of the animal’s body as a 
result of either muscular activity or jarrmg of the ammal board Smce the 
tactile stimulator operated with a famt chck, it was essential to exclude the 
possibihty that the source of the response was auditory This was done by 
mchmng the brush away from the hairs while leavmg the head of the stimu- 
lator m its ongmal position If the response disappeared, it was regarded as 
of tactile ongm, if it persisted, it was considered to be auditory 

That the recorded responses were not due to electncal spread along pial 
surfaces from underlymg bram stem structures is evident from the fact that 
they do not persist as the explormg electrode is moved across cerebellar sur- 
faces nearer and nearer to the bram stem Their occurrence m decorticate 
and decerebrate animals rules out any essential dependence on structures 
cramal to the mfenor coUicuh 

Forepaw areas The loci of the responses obtamed on shght displacement 
of hairs aroimd the left forepaw are shown m Fig 1 which presents the re- 
sults of a typical experiment There are three responsive areas (i) the pos- 
terolateral part of the ipsdateral half of the antenor lobe, (u) a portion of the 
ipsilateral paramedian lobule, and (m) a smaller portion of the contralateral 
paramedian lobule The first of these may or may not extend to mclude the 
most medial fohum of crus I and the antero-lateral part of the lobulus sim- 
plex The second occasionally extends mto crus II 

'The potential changes evoked m the tactile area of the antenor lobe are 
to a large extent surface posifave, although, as can be seen, both surface 
negative and diphasic responses do occur The latencies range from 14 to 17 
msec Responses recorded from the second tactile area (ipsilateral parame- 
dian lobule) follow the stimulus by mtervals of from 22 to 28 msec Maximal 
responses were recorded most frequently along the lateral margm of the 
fourth fohum, yet large surface positive and diphasic responses, mitially sur- 
face positive, were also found at the lateral margms of the second to fifth 
foha This area overlaps the hmdpaw area of the paramedian lobule and oc- 
casionally extends mto the most medial foha of crus II The contralateral 
responsive area is shghtly smaller and is located m approximately the same 
part of the paramedian lobule as the second area (Fig 1) Here the latencies 
of the responses range from 42 to 46 msec 

Hmdpaw areas Figure 2 illustrates typical tactile responses recorded 
from the pial surface of the cerebellum when hairs around the footpad of the 
left hmdpaw are stimulated Here, the responsive areas appear to be hmited 
to the antenor lobe and the paramedian lobules 

The area m the antenor lobe extends over portions of the fifth, sixth, 
seventh, and eighth foha rostral to the primary fissure This portion of the 
hmdpaw representation is entirely ipsilateral, and it hes antenor to and 
wholly separate firom the tactile representation of the forepaw The area of 
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lateraUy, they average about 5 msec longer The wave form is m^y 
face poative and may or may not be preceded or foUowed by a smaU negative 

An area related to the vibrissae An area of the cerebellum which appears 
to have a functional relation to the tactile receptors of the vibnssae is shown 



Fio 3 Distribution of potentials evoked by tno\mg vibnssae of left Bide in a cat 
under sodium pentobarbital anesthesia The area of activity extends on both sides of the 
pnmary fissure and is largely ipsilateral 

m Fig 3 The responses here are neither as pronounced nor as clearly local- 
ized as are those evoked by stimulation of the paws This area hes near the 
midhne and occupies four foha, two antenor to and two postenor to the 
pnmary fissure The latencies of the responses vary from 10 to 14 msec 
Usually the potential change is a purely surface positive one, but it may oc- 
casionally show a slow negative appendage The responses seem to be pre- 
dommantly ipsilateral m distnbution, but the larger ones are found close to 
the midhne and frequently a few appear contralaterally They are abolished 
by section of the fifth nerve on the side of the stimulation (19) It is mterest- 
ing to note that this area overlaps the antenor part of the auditory and visual 
areas which will be descnbed in detail below 
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mal responses usually extends one fohum posterior to that of the forepaw 
and it IS more apt to extend laterally into the most medial foha of crus II 



Fig 2 Cerebellar responses evoked by moving hairs around pads of left hmd paw 
Sodium pentobarbital anesthesia Two areas of response are evident One situated ipsi- 
lateraUy m the anterior lobe covers the lateral borders of the fifth, sixth, seventh and eighth 
folia rostral to the primary fissure A second area is located m the ipsilateral paramedian 
lobule and extends laterally into the two most medial folia of crus II A third area of veiy 
smnll responses may exist m the contralateral paramedian lobule Time signals upper 
for anterior lobe responses, lower for responses m paramedian lobule and crus II 


It IS imusual to find responses m the contralateral paramedian lobule but we 
have occasionally seen small waves m the third and fourth foha (Fig 2) 
The latencies of the ipsdateral responses range from 32 to 38 msec , contra- 








339 


EXTEROCEPTIVE AREAS OF CEREBELLUM 

in a marginal portion of an area the central part of which {where maxunal 
responses would occur) is situated on the banhs of fissures which we failed to 
explore 

2 Auditory area 

The results of a t 3 rpical experiment on the cereb ellar auditory area, earned 
out under chloralosan anesthesia, are shown m Fig 5A All parts of the ac- 
cessible cerebellar surface were explored The principal feature of each of the 
recorded responses is a surface positive wave which is usually broken by two 
or more notches The average latency of the responses is 11 msec , the range 
IS from 6 to 14 msec An mtermediate region of minimal responses separates 
two larger zones where maximal responses occur The larger of these is m the 
lobulus simplex and the anterior portions of the tuber vermis, the smaller 
hes postenor to it m the caudal part of the tuber vermis The extent of the 
auditory area, as detennmed m a large number of cats anesthetized with 
chloralosan, is mdicated m Fig 5B It occupies midhne cerebellar structures, 
t e , lobulus simplex and tuber vermis Often, small responses are encountered 
bilaterally m the most medial two foha of crus I, m the anteromedial parts 
of the paramedian lobules, m the antenor portion of the pyramis, and m the 
postenor two foha of the culmen But maximal responses (mdicated by cross- 
hatchmg m Fig 5B) are restricted to the two zones mentioned above Some- 
times small siirface negative waves can be recorded JErom the mtermediate 
zone and from regions immediately adjacent to the penphery of the entire 
auditory area 

The depressmg action of sodium pentobarbital on the auditory projection 
to the cerebellum can be appreaated by comparmg the lower (C and D) and 
upper (A and B) halves of Fig 5 When an animal was studied under this 
anesthetic the total area of response was approximately one-half that when 
chloralosan was used, it is seen that the masimal potentials m the second 
turn of the tuber vermis and the small responses m the culmen, crus I, 
pyramis, and paramedian lobules drop out entirely The responses which re- 
mam are prmcipally surface positive waves, often monophasic, and they are 
never notched Occasionally, a small negative component trails the mam sur- 
face positive wave to form a diphasic potential change Triphasic responses 
have never been observed when sodium pentobarbital was used All responses 
obtamed imder this anesthetic are smaller m amphtude than those which 
can be evoked at the same loci when chloralosan is used The latencies are 
the same with the two anesthetics Despite the markedly depressmg effect of 
sodium pentobarbital on the cerebellar responses it proved impossible to 
abolish them by mcreasmg the depth of this anesthesia well beyond the level 
required for surgical anesthesia, in fact they did not disappear until the 
respiration had ceased The part of the auditory area most resistant to the 

depressant action of this anesthetic is the postenor part of the lobulus sun- 
ple\ 
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Other body areas In a large number of expenments careful attempts were 
made to deternnne whether tactile surfaces other than those of the paws and 
upper hp possess a cerebellar representation It was foimd that electncal 
responses, smaller even than those recorded when the vibnssae were dis- 
placed, occur m the anterior lobe when discrete tactile stimuh are apphed to 



Fig 4 Drawing of dorsal surface of cat’s cerebelliun showing tactile areas as deter- 
mined by distribution of electncal responses evoked by stimulation of receptors m feet 
and upper hp of left side Note overlap of forefoot and hmdfoot areas of paramedian lobules 
and their complete topographical separation in antenor lobe This drawmg is denved 
from results obtamed in entire senes of expenments on tactile representation See text 
for results of stimulation of parts of body surface not mdicated in drawmg 


shoulder, chest, back and hip The arrangement appears to be one m which 
the representation of the tactile surfaces of one side of the trunk is situated 
medially m the ipsdateral hah of the antenor lobe with hip at its forward 
extremity and shoulder overlappmg the caudally placed head zone The 
responsive area is somewhat more extensive, and the individual potential 
changes are a httle larger, when the exploration is done under chloralosan or 
hght ether anesthesia tiian when sodium pentobarbital is used Agam, one is 
faced with the possibdity that the loci of these small electncal responses he 
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When hght sodanm pentobarbital anesthesia is used the total responsive 
area is larger than when this anesthesia is deep, hut it is somewhat sm^er 
than that observed under chloralosan Although the area of maximal re- 
sponses IS found on the lobulus simplex and antenor tuber-vermis just ^ 
when chloralosan alone is used, the second zone of maxunal response in the 
posterior tuber vermis is practically non-existent, it appears that the ele- 



Fig 6 Cerebellar responses evoked by auditory (cbck) stimulation Sodium pento- 
barbital (18 mg per kg ) — cbloralosan (35 mg per kg ) anesthesia Responsive areas are 
practically the same as when determined in cat anesthetized by chloralosan alone (Fig 
5A), but individual responses are smaller and less complex 

ments responsible for activity m this part of the auditory area are very sus- 
ceptible to the depressant action of so^um pentobarbital 

In determining the antenor hmits of the auditory area, consideration 
must be given the fact that chck stimuh evoke potentaal changes m the m- 
fenor coUicuh The occurrence of these responses in the tectum may lead to 
potential changes over the antenor lobe which are due to physici spread 
along the pial surface of the cerebellum Indeed, as shown m Fig 7A, po- 
tential changes which are entirely due to this non-neuronal spread can be 
recorded from the greater part of the antenor lobe They are surface positive, 
largest when recorded from an infenor colhculus, and they become pro- 
gressively smaller as the explonng electrode is moved away from the tectum 
In many preparations this spread onto the antenor lobe can be ehmmated 
easily by breaking the pial bndge from colhcuh to antenor lobe while m 
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Fig 6 Drawings showing location and extent of auditory area of cerebellum of cat 
as determined under two anesthetics Cbck stimulation 

A Distribution of responses in a cat under chloralosan 

B Composite chart showing extent of auditoiy area as determined in a senes of cats 
under chloralosan It occupies lobulus simplex and tuber vermis and extends mto the most 
caudal fohum of the antenor lobe and possibly bilaterally mto crus I £uid mto the nght 
paramedian lobule The cross-hatched regions represent areas of maximal responses 

C Distribution of auditory responses in a cat under sodium pentobarbital Same am- 
phficataon as m A 

D Composite chart showmg extent of auditory area as determmed m a senes of cats 
anesthetized with sodium pentobarbital Compare with B 

When full anesthesia is induced by giving a half dose each of sodium pento- 
barbital (18 mg per kg ) and ghlor^osan (35 mg per kg ), the total re- 
sponsive area is almost as large as when only chloralosan is given (Fig 6) 
The two zones of maximal potential changes and a connectmg region of mini- 
mal potentials are present, but the mdividual responses are smaller and less 
complex The latencies are the same as under full sodium pentobarbital or 
full chloralosan anesthesia 
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it IS seen that exclusion of impulses from one ear causes a retraction of the 
boundanes of the two major zones of response and a reduction m the size of 
the mdividual waves Thus it appears that a defimte summation effect is 
produced by activation of both cochleae Also it is to be noted that after 
ehmmation of one cochlea the electrical responses evoked m the auditory 
area show much less notching It may be suggested that at least part of the 
notching which is so conspicuous under chloralosan may be due to differ- 
ences m latencies of the cerebellar cortical responses mitiated by impulse 

AUDITORY RESPONSES IN DECEREBRATE CAT 


CUCK STIMULATION 



Fig 8 Distnbutjon of auditory responses in cerebellum of a cat (No 114 of chrome 
senes of Macht and Bard) which had survived decerebration for a penod of 25 days Tran- 
section passed from tmddle of supenor coUicuh dorsally to a level 1 mm rostral to pons 
ventrally Cliclc stimulation Light sodium pentobarbital anesthesia Amplifier gam same 
as in previous figures 

volleys from two ears which are not qmte equidistant from the source of the 
sound 

That the responses of the auditory area are due neither to a physical 
spread of potential change from the temporal lobe nor to a cerebral relay m 
the pathways from cochleae to cerebellum was demonstrated m a number of 
experiments The results of one of these are mdicated m Fig 8 The chron- 
ically decerebrate cat used m this experiment was furnished by Drs Macht 
and Bard, it had survived decerebration at a mid-mesencephahc level for 
25 days and was studied by us under hght sodium pentobarbital anesthesia 
It can be seen that the cerebellar responses have the same characteristics 
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others it is necessary to insert a non-conducting barrier (e g , bakehte) which 
extends to but does not sever the superior cerebellar bradhia Needless to say, 
one or the other of these procedures was used routinely in all experiments m- 
volving the anterior portion of the auditory area 



Fig 7 A Distribution in antenor lobe of potentials due to ph 3 ^ical spread over pial 
surface from responses evoked in inferior coUiculus by auditory stimulation Note that 
potentials diminish m size as distance from colhculus mcreases Sodium pentobarbital 
anesthesia 

B Responses to auditory (chck) stimulation after destruction of rmddle and inner 
ears on the right side Loud speaker 12 mches from left ear Chloralosan anesthesia Com- 
pare with Fig 5A Note that while there are two zones of large potentials, responses are 
nearly absent from lobulus simplex and that wave form is less complex than when both 
ears are stimulated 

The extent and character of the auditory responses of the cerebellum 
when only one cochlea is stimulated by a chck is shown m Fig 7B In this 
experiment, earned out under chloralosan anesthesia, the middle and inner 
ears were destroyed on the nght side If Fig 7B be compared with Fig 5A 




EXTEROCEPTR^ AREAS OF CEREBELLUM 345 

First, the auditory area was carefully mapped Then the tympanic bullae 
were exposed by a ventral approach Next, the responsive area was again de- 
termined and found to be exactly as it was before Fmally, the cochleae were 
carefully destroyed by means of a dental burr m such a way as to leave the 
seimcircular mtact, whereupon the cortical surface of the cerebellum 

was explored agam In no case did auditory stimulation produce any trace of 
a cerebellar response That the cerebellum was still responsive was shown by 
the fact that typical potentials could be evoked m appropriate areas by tac- 
tile stunuh 


3 Visual area 

In a large senes of experiments it was found that stimulation of an eye 
by a flash of hght evokes potential changes over a cerebellar cortical area 
which comcides very closely with the area which yields similar responses to 
auditory stimuh Whether the representation of one retina differs from that 
of the other has not been detenmned, for we have not made a study m one 
and the same animal of the distnbution of the cortical responses evoked from 
photic stimulation of each eye A comparison of results obtamed m a large 
number of experiments m which the left eye was stimulated with those se- 
cured m a somewhat smaller senes m which the stimulus was apphed to the 
nght eye gives every mdication that the two representations are nearly if 
not wholly conterminous and have the same general pattern In all probabil- 
ity differences m the details of the two representations exist, but a deter- 
mmation of the nature of these must be left to future work 

The visual responses, unlike the auditory, were only rarely obtained when 
sodium pentobarbital was the anesthetic Consistent results were secured 
only when anesthesia was mduced by chloralosan (70 mg per kg ) or by a 
mixture of chloralosan (60 mg per kg ) and sodium pentobarbital (10 mg 
per kg ) From the very beg innin g of this work we were impressed and often 
disconcerted by the fact that the mechanisms underl^ung the cerebellar re- 
sponses to photic stimulation are smgularly subject to depression by most 
anesthetics Their apparent immumty to chloralosan may be the result of 
an excitatory or strychmne-hke action of this anesthetic Whatever the ex- 
planation may be, we are confident, for reasons which the descnption of our 
experiments will reveal, that the results obtamed m cats under this anesthet- 
ic constitute vahd evidence of the existence of a representation of the visual 
system m the cerebellum 

The area m which potential changes can be evoked by photic stimulation 
of an eye is mdicated m Fig 10, 11 and 12 It occupies chiefly portions of the 
vermis and exhibits variations which may convemently be grouped m two 
classes on the basis of the number of zones of maximal responses In most 
cats there are two, m some three such zones One of these patterns is illus- 
trated m Fig lOB, the other in Fig IIB The maximal responses are rarely 
monophasic, usually diphasic, occasionally tnphasic, but nearly always ex- 
hibit ns their most promment feature a surface positive wave The most com- 
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and occur in the same places as m a normal preparation under light sodium 
pentobarbital anesthesia Acute decerebrate cats proved to be not so re- 
sponsive, probably because hemorrhage, "shock,” etc , mterfered with the 
afferent system under mvestigation 

The responses m Fig 9 were obtamed from a pomt on the lobulus sim- 
plex of a cat under chloralosan They demonstrate the fact that as the m- 
tensity of the auditory stimulus is decreased, the magmtude of the potential 
change is decreased It was also observed that when the mtensity of the 
stimulus was held constant the size of the response decreased as the distance 
between the cat’s head and the source of the sound was mcreased 



100 20 15 12.5 
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Fig 9 A senes of potentials recorded fiom the same spot on lobulus simplex It 
shows the relation between the intensity of the auditory (chck) stimulus and the size of 
the evoked response The number under each trace indicates the mtensity of the sound 
The weakest stimulus (dial readmg of 1 6) was a sound which could just be heard at a dis- 
tance of one meter by an observer with normal bearing The source of the chck was a loud 
speaker placed 12 mches from the cat’s head and equidistant from the two ears Chloralosan 
anesthesia 

Bilateral destruction of the mfenor colhcuh abohshed all responses 
evocable m the ceiebeUar cortex by chck stimulation Thus the pathwa3rs 
from cochleae to cerebellum must pass through or near these structures This 
fact must be taken mto consideration when acute decerebrate animals are 
used m studies of the cerebellar auditory area If the level of transection is 
low or if the inferior colhcuh are damaged negative results will be obtamed 

Bilateral section of the fifth nerves did not change the size, characteristics 
or distribution of the responses Bilateral section of the eighth nerves, of 
course, abohshed all the responses Bilateral destruction of the middle ear 
bones was found to reduce the amphtude of the responses, but it did not 
abohsh them, presumably because bone conduction sufificed for adequate 
stimulation of the cochleae 

In order to ehnunate further any possibihty that factors other than audi- 
tory may be partially responsible for the evoked potentials, the foUowmg 
control experiment was done m a senes of animals under vanous anesthetics 
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Fig 11 lUustnitJons of a distribution of potentials found in some cats in response 
to photic stimulation of one eye There are three zones of manmal responses The anterior 
zone shown in Fig 10 is bisected by a band of small potentials 
A Stimulation of right eye Chloralosan anesthesia 

B Composite chart domed from results obtained in cats which showed three zones 
of maximal responses (cross-hatching) 


1 
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Fig 10 UlustxationB of the most commonly found distnbubon or 
potentials obtamed m response to flasbmg of bght m front of one eye 
There are two zones of maximal responses separated by a silent band or 
a zone of small potentials 

A Stimulation of right eye Chloralosan anesthesia 
B Composite chart derived from results of all experiments in which 
two zones of maximal responses (cross-hatclung) were found 

C Stimulation of left eye Chloralosan anesthesia Cerebellum of 
unusual configuration Becordmg same as an experiment illustrated in A 
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mon form of response is made up of a surface positive component followed by 
a negative wave 

The two or three zones of maximal responses are separated by regions or 
bands which are either largely silent or show only small responses which may 
be diphasic or have as their most promment feature a surface negative wave 
In no case did we find a visual area which was not broken by one or two such 
bands TATien there are three zones the anterior region of large responses seen 
m many cats appears to be subdivided by such a band Only small responses 
of one kmd or another are found at the periphery of the total visual area 
In all cases there is a zone of maximal responses m the region of the sec- 
ond turn of the vermis This posterior zone occupies the caudal portion of 
the tuber vermis, and frequently extends mto the rostral foha of the pyramis, 
sometimes mto the medial portions of the right paramedian lobule The re- 
sults of two mdividual experiments m which only two zones of maximal re- 
sponses were foimd are shown m Fig lOA and IOC It can be seen that ahead 
of the posterior zone just described, is a larger anterior zone which covers 
much of the lobulus simplex and the rostral portions of the tuber vermis In 
some cases it extends, on each side, mto the medial foha of crus I, a condition 
which IS illustrated m Fig lOA Rostrally, this zone may cross the primary 
fissine to mvade the two or three most caudal foha of the cuhnen, and cau- 
dally it may mvolve the first three to five foha of the tuber vermis In Fig 
lOB are mdicated m composite form the results of some thirty experiments 
m which two zones of maximal responses were found Here the total visual 
area is represented by diagonal hnes, the zones of maximal responses by 
cross-hatchmg A typical case of groupmg of maximal responses m three 
zones IS shown m Fig llA Here the antenor zone described above is divided 
mto two parts by a band of small responses In some experiments the divid- 
mg band may be largely silent, but more often it is the site of small responses 
which may be surface positive, surface negative, or diphasic The results of 
experiments on some twenty cats m which three zones were encountered 
have been combmed to form Fig IIB, which hke Fig lOB, is a composite, 
and therefore hke it represents the zones and the tot^ area as a httle more 
extensive than they actually are m any mdividual animal 

The latenaes of the electrical responses evoked m the cerebeUum by 
photic stimuh range from 40 to 50 msec and average 45 msec Smce these 
latencies are very much longer than those of the cerebellar responses evoked 
by auditory stimulation or by tactile stimulation of the forepaw, it Seemed 
desirable to determme whether the pathway from retma to cerebeUum m- 
cludes a cerebral cortical relay A conclusive answer was obtamed m an 
expenment earned out m a cat from which aU neocortex had been removed 
eleven months before This animal was studied m precisely the same manner 
as were the normal cats of this senes and, as shown m Fig 12A, yielded 
cerebeUar responses to photic stimulation of one eye which are entirely com- 
parable, as regards character and distnbution. to those found in normal cats 
It appears, therefore, that activation of the cerebeUum by retmal stunulabon 
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Fig 12 A Cerebellar responses evoked by photic stimulation of left eye m a cat from 
which all cerebral cortex had been removed eleven months before Chloralosan anesthesia 
The distribution of the potentials and the positions of the two zones of maximal responses 
correspond with those found in normal animals Compare with Fig 10 

B Cerebellar responses evoked by photic stimulation of left eye after bilateral re- 
moval of the extraocular muscles and eyehds Chloralosan anesthesia The visual area had 
been mapped before these procedures were earned out In this way it was ascertamed that 
e limina tion of all sense organs m the tissues removed exerted no effect on the distnbution 
and characteristics of the visual responses 
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muracation surely suggest that cerebellar functions are influenced by im- 
pulses which originate m tactile, auditory and visual receptors as well as by 
afferent discharges from proprioceptors and from the cerebral cortex Thus 
they mdicate that, sooner or later, present concepts of the activities of the 
cerebellum will have to be expanded to mclude the idea that unpulses ong- 
mating m three classes of exteroceptors and travelhng over pathways which 
do not mvade the cerebral cortex contribute to the abflily of this organ of 
mtegration to exert its characteristic regulatory influence on the motor activ- 
ities of certam other parts of the central nervous system 

While an exaggeration of ce^ am responses of proprioceptive ongm is an 
outstandmg and permanent result of cerebellar removal m carmvores, there 
IS httle m the behavior of decerebeUate cats or dogs to mdicate that specific 
motor responses to tactile, auditory or visual stimuh are modified m any 
way except by the background of disorder m the proprioceptive sphere or by 
the well recognized effects of withdrawal of cerebeU^ influence upon motor 
acts which depend on the cerebral cortex We are able to pomt to not more 
than two results of decerebeUation which may conceivably be due to removal 
of an exteroceptive representation Both mvolve the tactile system One is 
the transient abohtion or rise m threshold of the tactile placmg reactions of 
the feet which was noted by Rademaker (15) m unilaterally and completely 
decerebeUate dogs and by one of us (18) m a study on rabbits and which also 
has been observed recently m this laboratory m several cats and dogs durmg 
the first phase of recovery from complete ablation of the cerebeUum The 
other 18 the permanent and marked augmentation of the tactile component 
of the positive supportmg reaction, t e , the "magnet reaction,” which ap- 
pears after decereb^ation One of the most umversaUy accepted teachmgs of 
chmcal neurology is that the cerebeUum is not concerned with any kmd of 
sensation, for true sensory defects have not been found among the disorders 
which are produced by cerebellar lesions m man Certainly there is no chmcal 
evidence to mdicate that any cerebeUar deficit is accompamed by disturb- 
ances m touch, auditory or visual perception Yet we cannot resist wondermg 
whether loss of the cerebeUar representations of these three exteroceptive 
systems does not produce objective and subjective effects which are so sub- 
tle that they have escaped present methods of study 

While analysis of the characteristics of the mdividual potential changes 
evoked m the cerebeUar cortex by receptor stimulation has not been our 
concern, bnef reference to the significance of the different components of the 
responses may be made The work of a number of mvestigators (3, 4, 13) 
has shomi that the phases of evoked cortical potentials recorded from a pial 
surface when only one electrode is over the active spot may be accounted for 
on the basis of the assumption that impulses approachmg the electrode pro- 
duce a positive wave, that those which are travelhng away from the elec- 
trode give nse to a negative wave, and that impulses which approach and 
pass under the electrode induce a change which is usuaUy diphasic, but may 
be tnphasic (13) In the case of the cerebeUar cortex the wave form of the 
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does not reqmre either the neocortex or any elements of the lateral gemcu- 
late bodies which degenerate foUowmg ablation of the visual areas of the 
cerebral cortex 

There remains the possibihty that the cerebellar responses which follow 
each flash of the lamp are produced mdirectly through movements of the 
eyes or eyehds which may be reflexly evoked by the photic stimulus If this 
were the case the cerebellar responses would be due to a discharge of sifferent 
impulses from proprioceptive, tactile or pressure receptors located m or near 
the orbit This possibflity was exammed by studymg m three cats the effects 
of bilateral removal of the extraocular mi jcles and the eyehds In each case 
the surgical ehmmation of these structures m no way altered the pattern or 
nature of the cerebellar responses to photic stunulataon CFig 12B) FmaUy, 
the possibflity that the cerebellar responses may have been mitiated by ther- 
mal stimulation of sensory endmgs m or around the eye at each flash of the 
lamp can be eliminated for several reasons In the fhst place, the heatmg 
effect of a 3 watt neon bulb placed 1 to 2 mches from the cornea and flashmg 
once per second is neghgible Then too, bnngmg a heated metal bar close to 
the eye evoked no cerebellar responses Furthermore, electrical stimulation 
of the cornea or hds gave potential changes m parts of the cerebellum qmte 
distmct from those m which potentials were evoked by each flash of the 
bulb In several experiments bilateral sections of the fifth and seventh pairs 
of cranial nerves m no way affected the cerebellar potentials mitiated by 
photic stimulation 

It IS important to note that m our explorations of the anterior lobe we 
never encountered any evidence of potentials due to physical spread from 
responses occumng m the supenor coUicuh or m the visui areas of the cere- 
bral cortex 


Discussion 

General considerations Unfortunately the experimental facts we have 
been able to brmg forward do not carry with them any hmt concenung their 
significance Only further enquiry can provide msight as to just how and 
when neurally transmitted signals from tactile, auditory and photic recep- 
tors influence the activities of the cerebellum The existmg hterature on the 
cerebellum contams few data which can m any way be correlated with our 
observations In this discussion we shall mention these, make a few sugges- 
tions about the probable import of our results and devote some space to 
additional considerations which bear on the vahdity of our experimental 
results To go further than this would be to mdulge m futile speculation 

The relationship of the cerebellum to the proprioceptors of muscles, ten- 
dons, jomts, and labyrmths has been emphasized by Sherrmgton’s descrip- 
tion (17) of this organ as the "head ganghon of the proprioceptive system ” 
The other well recognized cerebellar relationship is one whicfli has its ana- 
tormcal expression m the pontile system of fibers which transmit impulses 
largely of cerebral cortical ongm The results described m the present com- 
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the most medial portions of the ipsilateral half of the antenor lobe, and the 
ipsilateral hmdhmb, viath hip near the midiine, extends laterally to the hind- 
paw area The head and shoulder areas appear to be coextensive near the 
midhne No hint of such a plan could be detected m the case of the receiving 
area m the paramedian lobule It may be mentioned, however, that recent 
studies (22) have revealed a topographical projection in the ipsilateral para- 
median lobule of the monkey 

In addition to an anatomical representation m the cerebellar cortex of 
different parts of the tactile surface of the body, it appears that there is also 
a functional representation This is shown by the fact that the areas which 
receive impulses from receptors of forepaws, hindpaws and vibnssae occupy 
the greater part of the total representation In other words, skm areas which 
possess the greatest tactile acmty (mnervation density) have the most con- 
spicuous representations m the cerebellar cortex, a situation which is not 
unhke that found by Woolsey, Marshall and Bard (25) m the tactile projec- 
tion to the postcentral gyrus of the monkey 

In their report of an oscillographic study of a tactile projection to the 
cerebellum of the rat Dow and Anderson (7) state "In 26 out of 28 animals 
the culmen showed the largest response and m many the only surface posi- 
tive potential ” This is m accord with our observations on the antenor lobe 
of the cat as is also their findmg of a surface positive potential on the lobulus 
simplex m about half their experiments They also report responses due to 
tactile stimulation m the pjTamis, but not m the paramedian lobule In ex- 
planation of this difference m results the suggestion may be offered that m 
the phylogenetic development of the cerebellum there may have occurred a 
shift of the elements concerned m the tactile response from pyramis to 
paramedian lobule Should this be the case, the method of studymg projec- 
tions to the cerebellar cortex by determmmg the distnbution of evoked po- 
tentials may give, when apphed to different species, valuable information m 
regard to the phylogenetic development of this part of the hmdbram Dow 
and Anderson fovmd no evidence of an anatomical localization m either the 
tactile or propnoceptive areas of the cerebellum, but they suggest that "the 
rat because of the small size of its cerebellum is probably not as svntable as 
some larger animal would be for the study of possible differences m the con- 
nections from topographically different parts of the body ” 

The present state of our knowledge fads to explam why one peripheral 
region, the forefoot or the hmdfoot, is represented m two or three widely 
separated parts of the cerebellar cortex It may be pomted out, however, 
that the physiological demonstration of the existence of these tactde receiv- 
ing areas places them among the regions which receive a "spmal” projection 
Many facts, of which this is one, mdicate that any arbitrary distmction 
between paleocerebellar and neocerebellar regions is apt to lead to false un- 
pr^ions Thus the tactde responses found ipsdaterady m lobulus simplex 
and crus 1 and bdaterally in the paramedian lobules confer upon these areas 
a distinctly spmal character which m fact has been mdicated to some extent 
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response recorded from certam points may be compbcated by concomitant 
activity on the bank of a neatby fissure Nevertheless, it is true that a ma- 
jority of the responses which Occur m the areas we have delimited are im- 
tially surface positive or have as their chief component a positive wave, thus 
denotmg ascendmg transmi^ion m projection fibers 

The method employed by us, which mvolves receptor stimulation and 
the recordmg of a correlated electrical response, has been used by a number 
of workers (1, 12, 13, 25, 26) to map the representation of one or another 
sensory system m the cerebral cortex So far as we are aware, the only previ- 
ous mstance of the apphcation of this method to the cerebellum occurred m 
the studies of Gerard, Marshall and Saul (8) In their report of a rather 
general study of spontaneous and evoked electncal activily of the cat’s 
bram these authors mention that "m three instances activity was recorded 
m the anterior part of the cerebellum” when sound stimuh were bemg used 
and they also state that when hght was flashed m the eyes "activity was also 
traced to the cerebellum,” but they make no further comment Dow and 
Anderson’s observations (6, 7) on cerebellar action potentials which they 
obtamed m rata m response to stimulation of tactile receptors as well as pro- 
prioceptors were earned out simultaneously with and mdependently of ours 

No senous attempts have been made to determme the exact pathways 
over which impulses travel from these three classes of exteroceptors to the 
cerebellar cortex Nevertheless, certam of our results mdicate (i) that m no 
case does the pathway mclude a relay to the cerebral cortex, (u) that neither 
the tactile nor the auditory pathways extend above the level of the infenor 
coUicuh and (m) that the impulses of cochlear ongm pass through or close 
to the infenor coUicuh 

Tactile representation The most mterestmg aspect of this is the character 
of the arrangement of the areas located m the antenor lobe and adjacent 
foha Here topographically different areas are related to different parts of 
the body surface Tiiis is a form of anatomical localization which m general 
bears some likeness to that foimd by Adnan (1) m the cerebral cortex of the 
cat and by Woolsey, Marshall, and Bard (25) m the post-central gyrus of the 
monkey While the most promment and most easily detemuned tactile pro- 
jections are related to the forefeet, the hindfeet and the vibnssae, the results 
obtamed m many experiments suggest that most of the surface of either lat- 
eral half of the animal is projected ipsilaterally m an orderly sequence It 
appears that impulses ongmating m tactile receptors of the caudal haK of the 
body and the hmdhmbs are received m the rostral foha of the culmen while 
those from the rostral portions of the trunk and from the head and forehmbs 
are dehvered to the caudal foha of this division and to adjacent foha One 
may, on the basis of our results, go so far as to suppose that the tactile sur- 
face of the cat’s body is represented as stretched out flat on the antenor lobe 
m the foUowmg manner the ipsilateral forehmb, with shoulder overlappmg 
the head at the midhne, extends laterally along the primary fissure to the lat- 
erally situated forepaw area, the surface of one side of the trunk occupies 
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changes recorded from the cerebellum cannot be due to physical spread of 
these electncal changes from the cochleae is shown by several facts (i) 
the disappearance of the potentials after destruction of the inferior colhcuh, 
(u) their failure to become larger as the explormg electrode approaches one or 
both cochleae, (m) their abohtion by section of the eighth nerves and (iv) 
their suppression by certam anesthetics 

The features of our work which bear on the vahdity of the conclusion 
that photic retmal stimulation leads to a transmission of impulses to a defi- 
mte area of the cerebellar cortex have already been presented A few addi- 
tional comments on the nature of this projection are m order As has already 
been emphasized, the responses evoked by visual stimuh are not dependent 
on impulses which descend from the cerebral cortex It is well known that 
terminals of fibers of the optic tracts pass directly to the superior colhcuh, 
and a tecto-cerebellar pathway, which passes through the superior cerebellar 
peduncle, has been described m several lower mammals (9, 10, 11), it is 
doubtless present m the cat Further, Rasmussen (16) has found m the cat 
a tract wtoch runs from the supenor coUiculus to the pontme nuden Ex- 
citation of retmal ongm rmght reach the cerebellar cortex by either or both 
of these routes In any event it seems most hkely that the visual pathway, 
like the auditory, mvolves the tectum of the mesencephalon * 

The latenaes of the potentials evoked m the cerebellar visual area by the 
photic stimulus used m these experiments may seem unusually long They 
averaged 45 msec , whereas the latencies of the auditory responses ranged 
from 6 to 14 msec The contrast is evident and demands some explanation 
It must be remembered that the flash of a 3-watt neon bulb placed 1 to 2 
mches from the cornea constitutes a relatively weak photic stimulus Bartley 
(2) has shown that m the rabbit the latency ("imphcit cortical time”) of 
the cerebral cortical response to a flash of hght is lengthened as the mtensity 
of the stimulus is decreased below a value of about 2400 candles per square 
foot Marshall, Talbot and Ades (13), usmg a much stronger photic stimulus 
than we employed, foimd latencies of from 17 to 25 msec for the electncal 
response evoked m the area stnata of the cat It therefore seems probable 
that the long latencies of the cerebellar visual responses may be referred to 
the weakness of the stimulus used rather than to any pecuhanty of the path- 
way 

Summary 


1 By detennimng the occurrence and distnbution of evoked electncal 
response s it has been shown that there are, m the cerebellar cortex of the 

In some recent work earned out by one of us (R S S ) it has been found that when 
a point on the dorsal surface of a supenor colhculus is stimulated by a weak electncal shock 
c\ oked potential changes occur mthin the cerebellar nsual area as delimited m this com- 
mwication U has become clear that the relation between supenor coUiculus and cerebellar 
TOrtex is such that distinct portions of the former are projected m a definite pattern upon 
the latter Obnously thew results support the conclusion that there is a true r^resentatmn 
of the ^•lsual in the cerebellum, and the^ indicate that impulses from^e ret m 

reach the cerebellum bj wnj of the tectum num uie reuna 
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by Dow’s electrophysiological analysis of the spinal projection (5) The fact 
that these areas also receive pontile fibers demonstrates the futihty of trying 
to draw distmct boundary lines between paleocerebeUar and neocerebeUar 
regions 

Auditory and visual representations It is probably of some significance 
that the auditory and visual representations are nearly fully contemunous 
and overlap only shghtly any pai4; of the tactile areas This close topographi- 
cal association may be related to the fact that when an animal responds to a 
sound it IS apt to use the same muscle groups as when the effective stimulus 
is visual And it is also true that behavior imtiated by activation of these 
two distance receptors mvolves a pattern of muscular response which is 
likely to be different from that set up by stimulation of "near” tactile re- 
ceptors 

Another similarity of the cerebellar auditory and visual projections, 
which sets them off from the tactile, is their greater sensitiviiy to the de- 
pressant action of anesthetics, especially the barbiturates Sodium pento- 
barbital, which was a satisfactory anesthetic for the mappmg of the tactile 
areas, greatly reduced both the size and the distribution of the electrical 
responses evoked by a chck In the case of the visual representation electri- 
cal responses were only rarely obtamed when a surgical level of anesthesia 
was secured by sodium pentobarbital anesthesia When this drug was used 
m combmation with chloralosan good responses were evocable only if the 
amount given did not exceed one-fourth ttat needed to produce, by itself, 
full anesthesia As mdicated above, the best results were obtamed when an 
anesthetic dose of chloralosan was administered Smce negative waves, which 
are suggestive of corticifugal activity (4), were more promment m expen- 
ments conducted under chloralosan, it is possible that this anesthetic not 
only enhances corticipetal transmission but also exerts a strychnme-hke 
effect on synapses m the cerebellar cortex 

Various control procedures were mtroduced to make sure that the poten- 
tial changes obtamed m the auditory area were due solely to auditory nerve 
activity set up by cochlear stimulafaon Most of these have been described 
m the section devoted to experimental results It remams, however, to dis- 
pose of two further possible sources of error The first of these is the possi- 
bihty that the sound waves enutted by the loud speaker may stimulate tac- 
tile receptors of the head region or other parts of the body That such an 
artifact rmght occur is mdicated by the experiments of Marshall, Woolsey 
and Bard (14, p 5), but several considerations exclude it as a source of error 
m our experiments Chief among these is the fact that there is so httle over- 
lap of the auditory and the tactile areas Also while aU responses to chck 
disappear after bilateral section of the eighth nerves they are unaffected by 
cutting both tngemmal nerves Further, bilateral removal of the auditory 
ossicles markedly reduced the amphtude of the auditory responses Another 
possible source of error which deserves mention is the fact that the chck 
doubtless produces rmcrophomc action m the cochlea That the potential 
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cat, distinct areas which receive nerve impulses from tactile, auditory and 
visual receptors 

2 The receivmg areas for impulses of tactile ongm are located m three 
parts of the cerebellum In each lateral half of the anterior lobe and m ad- 
jacent foha there is a projection of the ipsdateral half of the body surface in 
which the feet and the vibnssae are the parts most conspicuously repre- 
sented The forefoot and hmdfoot of one side are represented m both para- 
median lobules, the forefoot havmg a stronger contralateral representation 
than the hmdfoot In the rostral area (antenor lobe and adjacent foha) the 
tactile representation shows an anatomical locahzation m the sense that dif- 
ferent zones are related to different parts of the body surface 

3 The auditory area is largely restncted to the lobulus simplex and the 
tuber vermis In most cats it extends somewhat mto the posterior foha of 
the cuhnen, the antenor foha of the pyramis, the medial portions of crus I 
on each side and both paramedian lobules The responses evoked by auditory 
stimuh are not affected by decerebration at an mtercoUicular level They are 
abolished by section of the eighth nerves or destruction of the cochleae or 
removal of the mfenor coUicuh They are not altered by section of the fifth 
nerves 

4 The visual area overlaps the auditory and m most cats the two areas 
are contermmous The cerebellar responses to photic stimuh are not modified 
by bilateral section of the fifth and seventh cramal nerves or by removal of 
eyehds and extraocular muscles on both sides They are unaffected by re- 
moval of all cerebral neocortex and depend on a pathway which probably m- 
volves the superior colhcuh 

5 Full anesthetic doses of sodium pentobarbital appear to have httle 
effect on the tactile responses, but they markedly depress the auditory and 
completely abohsh the visual The auditory and visual areas are most clearly 
revealed when chloralosan is used as the anesthetic 

6 It IS suggested that cerebellar functions are influenced by tactile, 
auditory and visual stimuh as well as by impulses from proprioceptors and 
from the cerebral cortex 
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This study originated in an attempt to secure more data for the understand- 
mg of the cortical electrogram which occurs m "experimental epilepsy,” 
and of the conditions m which it is brought forth by electncal stimulation 
Early m the development of the study an mterestmg response, ehcited by 
electncal stimulation, was noticed m the cortex of rabbits The distmctive 
feature of this response was a marked, endurmg reduction of the "spontane- 
ous” electncal activity of the cortex We have endeavored to define expen- 
mentally some of the characteristics of this response 

METHODS 

Almost all of the eicpenments were performed on rabbits Dial narcosis was used 
routinely The drug (dial-urethane solution, Ciba) was adnumstered by mtrapentoneal 
injection, in doses varying from 0 55 to 0 75 cc per kg of body weight Nembutal was used 
occasionally, and chloralose, or ether were employed in several experiments A tracheal 
cannula was always inserted The animals were laid prone, with the head supported by a 
Czermak holder, and one or both cerebral hemispheres were widely exposed Seven major 
cortical regions, accordmg to Rose (37) are represented m the dorsolateral part of the 
hemisphere, investigated m this study praecentrahs granulans, praecentrahs agranulans, 
postcentrahs, panetahs, temporalis, occipitalis, and retrosplemahs granulans The lead- 
off and stimulating electrodes were apphed to the surface of the pia-mater They were, as a 
rule, fine chlonded silver wires, with a small bead at the tip Electrodes of the Ag-AgCli- 
agar-Rmger type, with a cotton tuft, were also used occasionally for recordmg Electncal 
stimulation of the cerebral cortex was obtamed with the "tetaixmng” current of a Harvard 
induction cod, or with single condenser discharges dehvered through a key operated by 
hand The interelectrodal distance, for stimulation, was about 1 5 mm m all cases Am- 
phfication of the bio-electncal phenomena of the cerebral cortex was obtamed with a six- 
channel Grass mk-wntmg oscillograph The mput of each pair of electrodes was on push- 
pull The ammal was, as a rule, grounded through the tracheal cannula, but in the expen- 
ments in which single condenser discharges were apphed to the cortex while electrograms 
were being taken, a “Wagner ground" was used, m order to control the stimulus artifact 
The balancing circmt consisted of a 10,000 ohm potentiometer shunted across the stimu- 
lating electrodes and with the center tap grounded 

Several experiments were earned out on pigeons, under nembutal narcosis, and only a 
fev, on cats In the latter, the brainstem was transected at the intercolhcular level, while 
the animals were under ether The observations were made later, after ehmination of the 
anesthetic This preparation has been described by Bremer (11), who designated it the 
cerveau isold " Nembutal was also used in cats 

Resih,ts 

Unless otherwise stated, the results described were obtamed on rabbits 
under dial narcosis 


* From a thesis submitted October, 1943, in partial 
the degree of Doctor of Philosophy, Harvard Univ ereiU 
lishedinFcrf Proc ,19A4,3 28 


fulfillment of the requirements for 
An abstract of this paper was pub- 
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Fig 1 Depression of the spontaneous electrical activity at the region stimulated 
Stimulating (S) and recording (1-2) electrodes arranged as shown m the mset A Before 
stimulation B to E Continuous record starting less than 1 sec after the end of stimula- 
tion F to I Records, correspondmg to the times noted, after stimulation J Complete 
recovery, 6 min after I 

the region stimulated, so that mcreasmgly distant parts of the cortex were 
successively involved, i e, they exhibited a marked, endunng depression 
of their electrical activity Figure 3 illustrates this spread The time after 
stimulation at which each of the representative steps was taken, shows the 
slow rate of travel of the response A response started near the frontal pole 
might take more than 5 minutes to reach a region near the ocapital pole 
From the stimulated region, the wave of depression spread out to almost aU 
of the Cortex exposed in the usual preparation The only exception noted was 
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Different, regional patterns of the so-called "spontaneous” electrical 
activity of the cerebral cortex were clearly recognizable These patterns re- 
semble the "Feldeigenstromt 3 ipen” described by KommuUer (30, 31) 

Depression of Activity 

A Depression of '' spontaneous” electrical activity of cerebral cortex, caused 
by electrical stimulation Followmg a bnef period of repetitive electrical 
stimulation of the cerebral cortex (1 to 5 sec of "tentanizmg” current from 
a Harvard mductzon coil), a response consistmg of a marked, endurmg de- 
pression of its "spontaneous” electrical activity was observed This type of 
response was obtamed when the stimulation was below threshold for the 
production of any electncal "after-discharge ” 

If the lead-off electrodes were placed m the close vicmity (1 to 2 mm ) 
of the stimulated region, a depression, m progress or already well established, 
could be seen immediately after the penod of stimulation, or else it could be 
noticed only after an mterval (10 to 20 sec ), durmg which the spontaneous 
electncal activity of the cortex did not show any alteration This "latency” 
for the appearance of the depression depended on the strength and duration 
of stimulation It was longer when the mtensity of the shocks was weak or 
when the penod of stimulation was bnef Figure 1 illustrates a typical re- 
sponse The arrangement of the electrodes is shown m the mset In A the 
spontaneous electncal activity is seen In B, C, D, and E, a contmuous 
record, startmg less than 1 sec after the stimulation, the progress of the 
depression is seen Durmg the time (about 1 5 mm ) between E and F, the 
electrogram was similar to that m E The gradual return to the ongmal 
spontaneous activity is seen m F, G, H, I and J, which are representative 
steps of its long course The duration of this depression was vanable The 
first signs of "recovery” were often observed earher than m the response il- 
lustrated, or they might appear later, a marked depression then persistmg 
for a few mmutes Usually, m hght narcosis the first signs of recovery were 
noticed early, and the recovery was rapid In those regions m which the pat- 
tern of the spontaneous electncal activity is characterized by recurrmg 
"bursts” of discharges (for instance, the area precentrahs granulans, of 
Rose), these bursts typically constituted the first signs noticed m the slow 
recovery The voltage of the successive bursts gradually mcreased, and the 
bursts became more frequent As a rule the slower waves between the bursts 
did not appear until later In the recovery of the area stnata, groups of the 
characteristic, slow waves separated by penods without them were seen for 
several mmutes before the ongmal pattern was reconstituted 

As a rule, the depression was seen merely as a progressive dimmution of 
the background of potential fluctuations, without any sign of specific pat- 
terns Occasionally, however, the mitial pattern became sunphed, and a more 
regular rh 3 rthm predommated until the depression became complete (Fig 2) 

B Spread of depression Simultaneous records from several pairs of elec- 
trodes showed that the depression spread out slowly, m all directions, from 
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When the recovery of the regions near the stunnlatmg electrodes was 
rapid, the spontaneous electncal activity nught have returned more or 1^ 
to "normal” there, while the response was startmg m distant parts (Fig 5) 
The spread of the depression withm a given cytoarchitectomc area was pro- 
gressive, i e , the spontaneous electncal activity m these umts did not change 


A 

2-3 

5-S 

B 

C 

D 

e 


r 

IHIF 





1 ^. 





ImUa 

,l|f 



[hy-y 

2o 45s 


3ti 40t 

6 

H 

\ 

J 

1C 

L 

— i- 

'"Vl , 

tMC 



















4fB35i 

5n Of 

CmOi 

To Of 

SniTsOi 


Fig 3 Gradual spread of depression Electrodes arranged as shown in the inset 
A Before stimulation L 7 nun after K 

In this and the following figures, when a strip is tuned, that tune mdicates the inten. al 
from the end of the stimulation period Upward excursions in the records denote negativity 
of the more frontal electrode (lower number) with respect to the more occipital electrode 
(higher number) Unless othemxse mentioned, the stunuhwere mduction shocks at “tet- 
anirmg” frequency, apphed for 3 to 5 sec through electrodes S 

simultaneously all over the area, one part might stiU be active while another 
portion was depressed After a wave of depression had spread over the cor- 
tex, it took several minutes (5, 10, or even more) before the spontaneous 
electncal acti\Tity returned to normal m aU regions A second spreadmg re- 
sponse could be ehcited earher than this, but not until the recovery was weU 
advanced at the region stimulated 

C Mechanical stimulation Spreadmg depression of the electncal acti\aty 
could also be ehcited by mecharacal stimulation of the cerebral cortex One 
or a feu hght touches with a small glass rod evoked it easily These mecham- 
cal stimuli caused only a shght compression of the tissue, without anj' visible 
structural damage The point touched could not be distmguished later from 
the neighbonng cortex Depression then appeared at the stimulated region 
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a small region, medial to the parasagittal sulcus This region corresponds to 
the area retrosplemahs granulans dorsahs (Rsg /3) of Rose (area 29d of 
Brodmann [12], area u of Droogleever Fortuyn [18]) The spontaneous elec- 
trical activity m this area did not show any appreciable decrease while the 
depression spread along adjacent regions (Fig 4) 



Pig 2 Relatively unusual mode of onset of depression Stimulus and record as m 
Fig 1 A to F Contmuous record, starting immediately after stimulation 

At any one place on the cortex, not m the close vicimty of the stimulatmg 
electrodes, the depression of the spontaneous electncal activity developed 
gradually About 20 seconds to 1 mmute elapsed from the moment that the 
first signs of depression were noticed to the time when depression was maxi- 
mal Durmg this tune, as a rule, a mere progressive dmunution of the back- 
ground of potential fluctuations was seen Occasionally, however, as m the 
region stimulated, a more regular rhythm predommated imtil the depression 
became complete The electncal mactivity then persisted for a vanable 
tune, as m the region stimulated Here agam, the recovery showed a slow 
course, and usually it took several nunutes for the electncal activity to re- 
turn completely to normal 
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for instance tiie posterior part of the area stnata, were more variable in dif- 
ferent anunals A typical response would often be ebcited with weak stimu- 
lation, but sometunes stronger stimub were reqmred than those effective m 
the frontal regions In certain cases, a stimulation was required that was 
strong enough to produce a brief "after-discharge” in the close vicmity of 
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Fig 5 Rapid recovery of spontaneous activity m regions near the stimulating elec- 
trodes Electrodes arranged as in Fig 3 A Before stimulation H Complete reco%eiy, 
record taken 3 mm after G 

the stimulatmg electrodes This bnef "after-discharge” was confined to this 
region, and was followed, usually after an mterval of several seconds, by de- 
pression of the electncal activity which then spread out m all directions and 
ultimately reached the frontal pole Fmally, in a number of animals a wide- 
spread wave of depression could not be ehcited at aU by stimulation of the 
more posterior portions of the area striata A bnef depression of the electn- 
cal activity could be seen at the stimulated region, and sometimes it spread 
out for only a few millimeters While it was sometimes difficult to mitiate 
a spreading wave of depression from the area stnata, it was always possible, 
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after a variable latency (10 to 40 sec ) It progressed and spread over the 
cortex, as descnbed When electrodes were being placed on the pial surface, 
responses were occasionally ehcited by this mechanism 

D Regional differences Stimulation of the frontal regions of the hemi- 


A 

B 

C 

0 




2-3 

3” ^ 






4-5 




6-6 


wV'^V'*V*'lVV‘^ 


6-7 

On 40s 

Im 5s 

2m 305 

E 

F 


H 

/Y'''Av^WtvV''^ 

Imvl 

liec. 


bh 











C\ 




5rz^ 

/(«Wk2^ 

4‘ 

k 

3m 30t 

vvn^rv'VVY'llt'^-^ 

3 m 55s 

5m Os 

5— 

»fl'TT*(rrp( tHI 

V 


Fig 4 Absence of spread of depression to the area retrosplemahs (electrodes 6 and 7, 
see inset) A Before stunulation H Recovery, 6 min after G (see legend of Fig 3 for ad- 
ditional explanation) 

sphere with appropriate weak mtensity was followed mvanably by a typical 
response The wave of depression traveled throughout the exposed cortex, 
with the exception noted above Responses were also easily obtamed when 
the stimuh were apphed to regions about midway from the frontal to the oc- 
cipital pole The depression would then spread out slowly m all directions, 
and would reach the regions near the two poles of the hemisphere at about 
the same time The results of stimulation of regions near the ocapital pole. 
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movements of the vibnssae— were easily recorded In Fig 6 I is lUu^ated 
a typical response to a hght tap on the forefoot The consi^d of 

a bnef potential wave, positive with respect to an electrode outside the 
spondmg area, always clearly recognizable, followed immediately m mostm- 



Ftc 6 Depression of responses to touch Electrodes arranged as shovra m the inset 
I A typical response II Upper section simultaneous records, showing the response 
localized to electrode 4 Lower section record taken 1 mm 14 sec after stimulation (the 
depression has reached electrode 3, the responses, at 4, are unimpaired) III Contmuataon 
of II, showing the depression of the responses when the process reaches electrode 4 (R, 
complete recoNery, was taken 8 nun after Q) IV A response, durmg the reco\ery of de- 
pression, showang the complenty of the events elicited by each tactile stimulus 


stances by a negative excursion, more variable m ampbtude and duration 
There were also later components, vanable, and difficult of description be- 
cause of the interfenng spontaneous excursions If the stimulation was re- 
peated about every 3 seconds, a senes of quite similar responses uas ob- 
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however, to involve this area in a response, i e , to have its electncal activity 
depressed, by stimulation of the more frontal regions of the hermsphere 
In regions of the cortex other than the area stnata, if the stren^h of the 
stimulus was sufficient to produce a local bnef "after-discharge,” this ac- 
tivity was followed by depression which then spread out as descnbed Al- 
though the depression was marked all over the cortex, it was as a rule some- 
what more conspicuous and endurmg at the regions m the antenor half of 
the hemisphere, especially the more frontal ones 

If only minimal effective stimuh were used, which were well below thresh- 
old for the production of any electncal "after-discharge,” the response at 
any one particular region of the cortex had the same time course and magm- 
tude whether the stimuh were apphed near or far, and regardless of the region 
stimulated Two waves of depression could be started simultaneously at 
distant regions of the cortex They then spread m the usual manner, so that 
two waves might travel m opposite directions to reach an mtermediate cor- 
tical region 

E Mechanism of spread The spread of depression could be delayed or 
entirely prevented from reachmg some part of the cortex by applymg for a 
few mmutes m appropnate positions on the pial surface stops of filter-paper 
soaked with a solution of cocaine hydrochlonde (10 per cent) Damage to a 
narrow band of tissue by apphcation of a hot wire, or a superficial cut, also 
mterfered with the spread of the depression This evidence suggests that the 
spread of the depression is a cortical process, i e , it takes place withm the 
gray matter, or perhaps it also mvolves the imderlymg white, but it probably 
does not require a contribution from sub-cortical centers 

F Elicitation of depression in opposite hemisphere The depression of the 
electrical activity could also be ehcited m the opposite hemisphere In this 
case, the response appeared first at the region symmetrical to the one stimu- 
lated, and spread out from there to the rest of the hemisphere If very weak 
stimulation was used to start a response, it usually did not cross No change 
was then noticeable m the spontaneous electrical activity of the opposite 
hemisphere, throughout the time the depression was spreadmg m the stimu- 
lated side If the strength of the stimulation was mcreased a httle, the crossed 
response was obtamed, but at the symmetrical region the "latency” for the 
establishment of the depression was longer than it was at the stimulated re- 
gion, so that the spreads m the two hemispheres were not comcident In the 
crossed side it started a httle later, and, as a rule, at any given tune after 
stimulation, it had covered a smaller area than that reached on the stimu- 
lated side The crossmg was much more easily obtamed by stimulation of 
the antenor half of the hemisphere, especially the more frontal areas 

G Depression of sensory responses (1) Responses in the somatic sensory 
cortex — The area m the rabbit’s cortex, which receives the afferent impulses 
relayed from tactile and other receptors of the body and limbs has been 
mapped by Adnan (2) Cortical responses to mechanical stimulation of the 
somatic receptors — ^hght taps on the forefoot, the hmdfoot, or the bps, or 
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Fig 7 Depression of optic responses Electrodes arranged as in Fig 3 R Indicates 
a reference, ertracortical electrode A Typical response, before stunulation L Complete 
recovery, record taken 4 min after K 

entire area was involved, and the gradual recovery of the responses occurred 
in the same sequence as the depression 

H Depression of responses to electrical stimulation of cortex (1) Responses 
in the vicinity of a region stimulated with single shocks — A complex response 
startmg with a distmct potential wave, dunng which the electrode proximal 
to the stimulated region went positive with respect to the distal one, was 
recorded with the electrodes arranged m the manner shown m the diagram 
accompanymg Fig 8 While a senes of smgle shocks was bemg dehvered, 
about one every three seconds, a spreadmg depression was started at a dis- 
tant region The depression and recovery of the responses, as the wave of de- 
pression passed through the recordmg region, are shown m Fig 8, with repre- 
sentative steps taken at different times The senes has the same general 
features as those presented for the sensory responses 

(2) Responses in contralateral hemisphere — These have been descnbed 
by Curtis (15, 16) The responses were evoked by smgle shocks apphed to 
the pial surface on one side, and were recorded from the opposite hemisphere 
at the region S3Tnmetncal to the one stimulated They consisted of an imtial 



Fig 8 Depression of the responses to eiectneal stimulation of the cortex Responses 
recorded m the \ncinitj of a region stimulated with smgle shocks Single shocks (condenser 
^charges) deliN ered through electrodes C Responses recorded from electrodes 3 and 4 
The r^^nse illustrated in A was simitar to those before the stimulation ehcitmg depres- 
sion J Complete recoierj, record taken 8 mm after I 
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tamed While a senes of tactile stimuh was thus dehvered contmuously, if a 
spreadmg depression was started at any distant region of the cortex, the 
following results were observed The sensoiy responses, much as the spon- 
taneous electncal activity, remamed imchanged until the advancmg front of 
the depression wave reached the region m question Then, both the sensory 
responses and the spontaneous activity dechned gradually and approxi- 
mately m parallel A few small sensory responses were usually obtamed after 
the spontaneous excursions had ceased to be noticeable, but for a short time, 
at the peak of the depression, the responses could no longer be recogmzed 
The sensory responses reappeared relatively early m the recovery penod and 
increased gradually, over an mterval of several mmutes, to reach their imtial 
amphtude at about the same time as the spontaneous activity Figure 6, II 
and III, illustrates a typical observation with a number of representative 
steps The responses, m the progress of the depression, might be reduced to 
smgle positive waves, but often a small negative phase followed even when 
the positive component was greatly reduced Late m the recovery, while the 
spontaneous electncal activity was still considerably reduced, the complexity 
of the sensory responses was clearly manifest (Fig 6 IV) If, early m the de- 
pression, the amplification of the electrogram was mcreased, a sensory re- 
sponse could still be recognized with ease, when it had become barely no- 
ticeable with the usual amplification At the peak of the depression, however, 
no wave could be distmgmshed as a separate response from the small oscilla- 
tions of the' background 

Characteristic sensory responses could be ehcited m one hemisphere 
throughout a depression of the opposite hemisphere The responses to elec- 
tncal stimulation of a spmal afferent nerve were also exammed The progress 
of the depression and the course of the recovery of these sensory responses, 
ehcited by smgle shocks apphed at mtervals of about 3 seconds to the con- 
tralateral ulnar nerve, were similar to those descnbed for the responses to 
mechamcal stimulation of the receptors 

(2) Optic responses — These responses have been descnbed m detail by 
Bartley, Bishop and O’Leary (5-10) The responses of the area stnata were 
evoked by filummation of the eye The contralateral retma was filummated 
for about 2 or 3 seconds, every 5 or 6 seconds, and "on” or "off” effects were 
observed, or else a bnef flash of hght was used, repeated at mtervals of about 
3 seconds The depression and recovery of the optic responses occurred agam 
m a manner similar to that descnbed for the responses m the somatic sensory 
cortex The electrograms decreased m amphtude but, as a rule, remamed 
complex until they were well depressed Figure 7 illustrates a typical 
observation Owmg to the large extent of the respondmg area, the pro- 
gressive spread of the depression of the responses mside the area stnata was 
easily observed Three or 4 electrodes were placed on this area, m hne along 
the direction of spread of a wave of depression started at some distant re- 
gion When the wave reached the first electrodes the responses were de- 
pressed there whde still imaffected at the remanung ones Subsequently the 
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way as already descnbed for the sensory responses to touch Figure 9 I il- 
lustrates a typical expeninent If, while a senes of single shocks was being 
dehvered, a wave of depression was started in the stimulated hemisphere and 
did not spread to the opposite side, the results were as follows When the de- 
pression reached the region of the stimulating electrodes, the responses re- 
corded from the opposite hemisphere became progressively smaller and after 
an mterval of half a mmute or so they were not recognizable They reap- 


Fig 10 Depression of tomc-clonic re- 
sponses A Spontaneous actinty B Tonic- 
clonic response following strong stimula- 
tion througli electrodes S C Depression 
after appropriate weak stimulation through 
electrodes S' D Absence of tomc-clomc 
response when the same stvmuh as in B 
were reapplied during the depression 



peared a httle later and gradually grew to reach then ongmal magmtude 
after a few mmutes In this case, as opposed to the previous one, depression 
and recovery of the responses occurred while no change was noticeable m the 
spontaneous activity Figure 9 II illustrates characteristic results 

(3) Besponses of "sdf-sustawed" type (38) ehcited by strong repetitive 
electncal stimulation (expemnental epilepsy) — At the peak of a wave of 
depression, a tram of stimuh which previously was effective in brmgmg forth 
a self-sustamed response, might have httle or no immediate effect Figure 10 
illustrates an expeninent The electrodes were arranged as shown m the 
mset A bnef penod of repetitive electncal stimulation of adequate mtensity, 
from the coil S, produced the response shown m B This activity m the region 
of the stunulatmg electrodes was followed by a wave of depression which 
spread throughout the cortex After complete recovery, another wave of de- 
pression was started, this time from the cod S' and with weaker mtensity 
of stimulation, well below threshold for the production of any after-dis- 
charge About 3 5 nunutes later, the wave reached the region of the elec- 
trodes of the cod S When the depression was maxunal there, a second stimu- 
lation from this cod was apphed The strength of the shocks and the dura- 
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potential wave, positive with respect to an electrode outside the responding 
area, always clearly recognizable, followed immediately m most instances by 
a negative wave, variable m amphtude and duration, and by other later 
components With electrodes arranged as shown m the diagram (Fig 9), a 
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Fig 9 Depression of the responses ehcited in the contraJateral hemisphere by single 
shocks applied to the pial surface Smgle shocks (condenser discharges) appbed to left 
cortex, through electrodes C Responses recorded in the right hemisphere, from electrodes 
6 and 7 I Depression spreadmg over right hemisphere (ehcited through electrodes S, 
right) The response m A is similar to those recorded before the stimulus was apphed at S 
L Complete recovery, 7 min after K II Depression spreadmg over left hemisphere (eh- 
cited through electrodes S, left) The response shown in A was similar to those before the 
stimulation ehcitmg depression L 6 nun after K 

spreadmg depression was started m either hemisphere, and its unilateral 
spread was ascertamed The smgle shocks were repeated about every 3 
seconds, and a senes of qmte similar responses was obtamed While the 
smgle shocks were bemg delivered, a wave of depression was evoked and 
spread only withm the hemisphere where the crossed responses were being re- 
corded When the depression reached the observed region the responses, 
together with the spontaneous activity, were depressed m much the same 
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area and hence the spikes were present m a relatively large territory, or if 
the effects were too intense, then it was not possible to ehat a wave of de- 
pression which would travel within the region 

(2) Eserme and acetylcholine — Many pomts concerning the complex ef- 
fects of local apphcations of these drugs on the cortex of the rabbit are not 
well known A study of Chatfield and Dempsey (14) revealed the existence 
of regional differences m the effect of local apphcations of these drugs to the 
cat’s cortex Mdler, Stavraky and Woonton (35) studied the effects on rabbits 
but did not report regional differences In the present observations no at- 
tempt was made to obtam an accurate description Local apphcations of 
eserme (a small piece of filter paper, about 15X3 mm , soaked m 0 5 per 
cent eserme sahcylate) resulted m most instances m a decrease of the volt- 
ages of the spontaneous activity at the treated site This modified activity 
was depressed, and later recovered, when a wave of depression, started at 
some distance, spread past the treated region Apphcation of acetylchohne 
(0 5 per cent acetylchohne chlonde), m a similar manner, to a region previ- 
ously treated with eserme, led promptly to the appearance of fast, large po- 
tential waves (spikes), occurrmg m bursts, or, sometimes, m a more or less 
contmuous succession A rapid, low voltage activity was also mduced These 
excursions could be depressed when, followmg adequate stimulation a wave 
of depression was started at a distant region and spread to the area treated 
with the drugs The depression was, as a rule, brief, electncal activity 
promptly reappearing If the drugs were apphed to a large extent of cortex, 
or if the effects were very mtense, the excursions could not be depressed 


Active Electrical Phenomena Which Mat Occur During 
Depression of Spontaneous Activity 

Electncal activity of vanous types, but always clearly different from the 
spontaneous activity, was often observed dunng the penod of depression m 
vanous cortical regions This activity was usually more prominent when the 
hemisphere had been exposed for some tune or when it had been repeatedly 
stimulated, particularly if strong stimuh had been used Although activity 
of this sort might appear m any region of the cortex, it was, as a rule, less 
mtense and less frequently seen m the more frontal regions Some of the po- 
tential waves that occurred dunng the penod of depression of the spontane- 
ous activity had characteristic features and could be easily identified. 

A Slow potential waves Large, slow, negative waves were the most com- 
mon of the several types of activity In the course of each wave one of the re- 
co^mg electrodes became negative with respect to others placed on the pial 
surface, 1 5 to 3 mm away Thus, m Fig 12A, electrode 5 became negative 
with respect to electrodes 4 and 6 No potential change was recorded between 
electrodes 4 and 3 or 6 and 7 The event is therefore localized to cortical ele- 
ments in the neighborhood of lead 5 Because of then large amphtude and 
long duration, as compared to the excursions of the spontaneous activity 
hese w a\ es n ere markedly distorted m some of the electrograms They w2e 
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tion of the period of stimulation were the same as before The electrogram 
reproduced m D shows that no activity resulted 

I Depression of activity induced by drugs (1) Strychnine — ^As is weU 
known, apphcation of strychmne to a region of the cerebral cortex leads to 
the local appearance of large, recurrmg, composite potential fluctuations 
These are usually referred to as the "strychnme spikes ” In a number of 
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Fig 11 Depression of the activity induced by strychnine Electrodes arranged as in 
Fig 3 Filter paper soaked m 0 1 per cent strychnine sulphate apphed near electrode 6 
A Spontaneous activity B Strychnine spikes, record taken 7 mm ^ter apphcation of the 
drug fsee also, at the left, the simultaneous records from all pairs of electrodes) C Depres- 
sion of the strychnine spikes (the depression was ehcited by electrical stimulation through 
electrodes S) D and E Recovery 

experiments a small piece of filter paper (about 15X3 mm ) soaked with a 
0 1 per cent solution of strychmne sulfate was apphed to the cortex close to 
one of the recordmg electrodes Some mmutes later, after the effects of the 
drug had developed, a wave of depression was started at a distant region 
The spread past the strychninized region was followed with several pairs of 
electrodes It occurred m the same manner as it did before the drug was ap- 
phed When the wave reached the treated region, the strychnme spikes, 
which were recurrmg at short mtervals, became more widely spaced and 
promptly disappeared None were recorded durmg a variable period (20 sec 
to 1 nun ) They then reappeared, first separated by long mtervals and later 
(about 1 to 3 mm ) with the frequency which prevailed b^ore the depression 
Figure 11 illustrates a typical observation If the drug was apphed to a wide 
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An individual slow wave could be recorded from several electrodes placed 
withm the cortical region where they were occurring As the electro^a^ m 
Fig 12C show, the negativity did not develop simultaneously m all places 
First, electrode 3 went negative with respect to electrodes 2 and 4, and later 
electrode 4 went negative with respect to electrodes 3 and 5 This mdicates 
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Fig 13 Slow negative waves occumng successively m different regions as the peak 
of the wave of depression successively reaches these regions Electrodes arranged as shown 
in the inset of Fig 3 A Before stimulation B Immediately after stimulation J 10 rmn 
after I (see legend of Fig 3, for additional explanation) 

that the negativity ongmated at a certain focus, and spread from this focus 
for a few millimeters The electrograms m Fig 12D illustrate m addition 
that there was not a fixed focus, inside the region, from which the waves al- 
ways started when they were recumng In the second wave, Fig 12D, elec- 
trode 4 became mitially negative, and, m the third wave, it was electrode 3 
which became negative first In the first wave, the negativity developed al- 
most simultaneously at electrodes 3 and 4, no large deflection was recorded 
between these tw-o electrodes, while 3 was negative with respect to 2, and 4 
was negative mth respect to 5 Although the active zone was movmg over 
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distorted in amplitude because correction of this distortion would have ren- 
dered the spontaneous excursions so small that changes m them would have 
been difficult to recogmze They were also noticeably distorted m phase when 
the tune constant of 0 15 sec was used for the amplifiers With the longer 
time-constant of the aunphfiers (0 5 sec ) and with reduced amplification an 
adequate record could be obtained Such a record is shown m Fig 12B, and 
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Fig 12 Slow negative waves Upward excursions denote negativity of the more frontal 
electrode (lower number) with respect to tbe more occipital electrode (higher number) 
Depression spreading from the frontal to the occipital regions In A, C and D the electrodes 
were arranged m a row in the fronto-occipital dirWtion at distances of 2 rnm A Smce leads 
3-4 and 6-7 do not show any deflections, the wave recorded by 4-5 and 5-6 corresponds to 
a local change at 6 B Upper record ink-wnting oscillograph with large coupling con- 
densers m the amphflers (c^ibrations — voltage 3 mV, tune 1 sec ) Lower record cathode 
ray oscillograph and direct-coupled amphflers (cahbrations — voltage 2 mV, tune 1 sec ) 
C Asynchronism of slow waves at two neighboring electrodes Negative waves occurred at 
electrodes 3 and 4 Geads 2-3 and 4-6 are unaffected) The asynchronism is shown by the 
diphasic record 3—4 The wave at 3 preceded shghtly that at 4 D Changes m the starting 
pomt of negative waves at neighboring electrodes (3 and 4) The first discharge was syn- 
chronous, as shown by the absence of any significant deflection m record 3-4 The break m 
the records corresponds to a 4 sec interval The last two waves are asynchronous — first 
electrode 4 leads (the diphasic wave in 3-4 begins downwards), then electrode 3 leads (the 
diphasic wave 3—4 starts upwards) 

an electrogram with no distortion, taken with a direct-coupled amplifier and 
a cathode-ray oscillograph is mcluded for comparison The records show the 
t 3 rpical qmck development of the negativity, and its slower subsidence The 
slow negative waves appeared m any region of the cortex as soon as the spon- 
taneous activity was depressed there They occurred m variable number, 
one, a few separated by long mtervals, or a rapid senes lastmg for 20 or 
more seconds They then di^ppeared from thus region As the peak of the 
wave of depression successively reached different parts, the waves appeared 
successively m these different regions Figure 13 shows that, as depression 
spread from electrode 1 to electrode 7, the slow excursions were recorded at 
different tunes at each of the electrodes Figure 14 illustrates a typical group 
of alow negative waves m one region 
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the cortex m the direction of the spread of the depression, the successive ini- 
tiating foci inside this zone were irregularly distributed 

As depression spread over the cortex, negative slow waves, if they did 
appear, they did not necessarily appear successively in ah regions involved 
They commonly took place only m some regions, or they might also be 
present m two distant regions, while the remamder of the cortex showed only 



Fig 15 A Diphasic wave at electrode 5 B Positive waves at electrode 3 C Burst of 
spikes following a slow negati\e wave D Burst of spikes following a slow positive wave 
E Long senes of spikes, following a positive wave F More or less continuous senes of 
spikes, and negative slow waves 

depression This mdicates that the imtiation of this activity depends on local 
conditions 

Single shocks apphed to the pial surface of a region dunng the time m 
which negative slow waves were occurring there, could ehat responses en- 
tirely similar to these waves Shortly after a spontaneous wave, however, sm- 
gle shocks always failed to ehcit another one K repeated at a frequency not 
much different from that at which the waves were recurrmg, the smgle 
shocks could control their rate of appearance, and also apparently prolong 
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Fig 14 A typical group of slow waves m one region Electrodes arranged as m Fig 3 
and 13 A Spontaneous activity B to J A continuous record, starting 30 sec after stiinu- 
lation, and showing the slow negative waves K Beginning of recovery (in the interval, 
about one-half min , between J and K the record was in as J) L Recovery, 15 min later 
Compare strips F and H of this figure with D and E of Fig 13 
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Fig 16 Intense actmty occurring when the spreading depression reaches a given re- 
gion A to J Continuous record, beginning 2 mm 25 sec after a distant stimulation that 
elicited a depression K Recoveiy, 5 min later 

activity, m one animal, at a given time, were similar for a number of suc- 
cessive stimulations Vanabibty was found from ammal to animal Stnkmg 
vanabibty also took place, as a rule, m the course of a given experiment — 
more actitnty was seen durmg the periods of depression when the hemispheres 
had been exposed for several hours and stimulated repeatedly 

C Activity similar to "self-sustained" {tonic-clonic) responses of experi- 
mental epilepsy YTien the actiinty attendmg depression was intense it fol- 
lowed, m many cases, a course quite similar to that of the discharges that 
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this t 3 rpe of activity Sensory stimulation could likewise "dnve” (39) the 
slow waves m the corresponding receivmg areas 

No pomt was found on the pial surface that was positive with respect to a 
distant electiode while a negative wave was recorded from a neighbormg 
pomt (1) As long as the negative phenomenon did not spread from one elec- 
trode to another, mterelectrodal distance did not affect the features of the 
waves in the records These facts may suggest that the active elements are 
probably oriented perpendicularly to the surface 

In some cases, diphasic or more complex slow waves were recorded under 
conditions which showed that the pattern was not caused by activity 
spreadmg from one electrode to another Slow positive potential waves were 
also recorded m many experiments (Fig 15A and B) As a rule, however, 
these waves appeared only when the activity occurrmg durmg the depression 
of the spontaneous pattern was more mtense, i e , when it consisted of a 
more or less contmuous, irregular succession of large slow deflections, or 
when fast potential waves were also present 

B Fast potential waves The slow potential waves descnbed m the pre- 
cedmg section were, m many cases, followed immediately by rapid, spike- 
hke potential changes These spikes were usually "positive ” They occurred 
m bursts, as shown m Fig 15C, D and E On other occasions, spikes appeared 
m the mtervals between the slow waves m a somewhat contmuous succession 
(Fig 15F) In many instances, finally, only a senes of spikes, and no slow 
waves, was seen during the depression of the spontaneous activity 

When, m one region of the cortex, slow waves and spikes occurred m 
rapid succession, a vanety of complex patterns resulted (Fig 16 and 17) It 
was then sometimes really impossible to distmguish slow waves and spikes, 
waves of many different shapes, amphtudes and durations were recorded In 
these cases, especially because the recovery of the spontaneous activity was 
usually prompt, it would be mappropnate to speak of depression m the cor- 
respondmg region In other regions, however, reached by the same wave of 
depression, before or after the particular region where mtense activity oc- 
curred, only reduction of the spontaneous activity, or reduction and a few 
slow waves, was seen Intense activity was very rarely present at the frontal 
regions, it was more frequently seen m the posterior half of the hemisphere 
In a few instances activity was so marked m most regions, and the spon- 
tfmeous pattern was recovered so qmckly, that rather than a depression 
what was seen was a travehng band of modified activity the regions m front 
of this band had their "normal” spontaneous background, the regions im- 
mediately be hin d it were somewhat depressed, those further behmd showed 
a well-recovered normal pattern The rate of travel of this band was about 
the same as when only depression of the spontaneous activity occurred 
If the stimuh used were weU below threshold for the production of an 
electrical after-discharge, the occurrence of slow waves or other activity m 
a given region was the same regardless of where the wave of depression was 
started TTie regional effects of a spreadmg depression of the spontaneous 
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also indicated by the following observations In some animals an area was 
found which exhibited self-sustamed discharges when a distant pomt was 
stimulated Then that area was stimulated locally with sufficiently strong 
shocks A first self-sustained response was followed after an mterval of sev- 
eral seconds by a second similar discharge This second penod of activity 
comaded with the imtiation of a typical spreading wave of depression Thus 



Fig 18 Electrodes, etc as in Fig 16 Tbe activity here is quite similar to a 
typical tonic-clonic response A to I Continuous record J Recovery 

it appears that the first penod of activity was a direct response, but the sec- 
ond was an indirect effect, consequent upon the process responsible for the 
depression {Fig 19) 

Other Anesthetics, Experiments on Pigeons and Cats 

With rabbits under nembutal the results were qmte similar to those ob- 
tamed with dial The same was true when chloralose was used On the other 
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foUow a penod of a few seconds of strong stimulation of the cerebral cortex 
Figure 18 illustrates this simdanty (38) This is a typical "tomc-clomc” dis- 
charge, but it IS important to emphasize that the stimulated region and the 
mtervemng areas did not share m the self-sustamed activity recorded In the 
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Fig 17 Very intense activity associated with depression, occurring m aU regions 
tested Electrodes eirranged as in Fig 3 A Before stimulation B Immediately after stimu- 
lation The discharges m electrodes 5 and 6 resemble typical tomc-clomc sequences 

stimulated region and the mtervemng areas there was only depression of the 
spontaneous activity (and some isolated slow waves) The self-sustamed 
(hscharge might appear only three or more mmutes after stimulation if the 
stimuh were apphed to a di^ant region These discharges were usually seen 
m the posterior half of the hemisphere They were, hke the slow waves, 
limited at a particular time to a certam region of the cortex, and if they 
moved to another region, the rate of travel was the same as that of the slow 
waves (i e , the same as that of the depression of the spontaneous activity) 
That the self-sustamed activity was not a direct consequence of the 
stimuh, but an mdirect effect caus^ by the mechanism of depression, was 
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The term "inhibition” has been used to cover many, probably hetero- 
geneous, central phenomena It has also acquired several specific mterpreta- 
tive connotations For these reasons this term was avoided, and the purely 
descriptive word "depression” was selected 

The close relations between the spreadmg depression and the discharges 
of experimental epilepsy may first be stressed On page 377 it was pomted 
out that typical discharges of experimental epilepsy may occur m a cortical 
region when it is reached by a spreading wave of depression, and that m cer- 
tain cases such discharges take place successively m different regions as the 
wave of depression reaches them Indeed, as a rule, whatever the tjqie of 
activity that appears durmg depression, some features or properties of the 
tomc-clomc discharges (38) may be recognized It may be said that the elec- 
trical events are always of a "convulsive” character 

The most frequent and simplest t 3 rpe of activity consists (page 376) of 
large, slow potential waves When these waves recur m one region, this re- 
currence exhibits features similar to those of the repetitive dome bursts of 
the cortical responses of experimental epilepsy Durmg the dome bursts 
(1, 38), the regions inside the active area are coupled, i e , activity m one is 
promptly followed by activity m the others (synchronism of the dome 
bursts), but there is not a systematic pacemaker — the bursts ongmate at 
different, irregularly distnbuted pomts A similar situation may be recog- 
nized inside the depressed cortex m which slow waves are recumng Here 
also, activity starts at different pomts and is immediately followed by dis- 
charge m others mside the region mvolved The conditions for dnvmg the 
slow waves with smgle electneal shocks apphed to the region foUow the same 
general rules which govern the dnvmg of the dome bursts (39) The slow 
waves, as well as the spikes that may accompany them, show at times a stnk- 
mg resemblance to isolated components of the dome phase of the self-sus- 
tamed responses as desenbed by Rosenblueth and Cannon (38) The slow 
waves are similar to then component IV, and the spikes to component III — 
the two components usually associated m the dome bursts Therefore, it 
seems reasonable to mfer that the different types of activity which may ap- 
pear durmg depression are closely related to each other and to the tomc- 
clomc responses The differences seen m vanous instances are mainly quan- 
titative 

There are two fundamental facts about the cortical discharges of experi- 
mental epilepsy which should be mentioned at this pomt First, rapid excision 
of the stimulated area does not stop the response and does not prevent fur- 
ther spread (see Munk, m Wenucke [40], 13, 25, with regard to motor con- 
inilsions, and 38, with regard to the electneal phenomena of the cortex) 
This fact indicates that the area stimulated starts, but does not remam m 
control of the response and its spread In the response studied here the stimu- 
lated area may return to its normal spontaneous actinty, after a penod of 
depression, at a time when depression is startmg at some distant region 
This mdicates that here also the stimulated region mitiates the response, but 
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hand, m animals under ether, responses of the type described were obtained 
only when the anesthesia was very hght, inadequate for prolonged observa- 
tions 

In pigeons (nembutal) a spreading depression of the spontaneous elec- 
trical activity was easily obtamed The process had the same general fea- 
tures as descnbed for the rabbit The electrodes were placed on the dorso- 
lateral wall of the hemisphere A survey of them position with relation to the 
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Fig 19 Immediate and late tomc-clomc responses to local strong stimulation The 
stimulating electrodes were about 2 mm away from the recordmg leads A to F Contmu- 
ous record, starting immediately after the stimulus The second period of activity com- 
cided with the mitiation of a typical spreadmg wave of depression 


various cortical or corticoid areas that have been recogmzed m the avian 
bram (29) has not yet been completed 

A spreadmg depression of the electrical activity was also observed m the 
few experiments made on cats As m the rabbit, large slow potential waves 
appeared m many instances durmg the depression In these few experiments 
stimulatmg and lead-off electrodes were placed along the suprasylvian gyrus 
In almost all the animals the bramstem had been transected imder ether and 
the anesthetic then discontmued 

Discussion 

The data are not yet sufficient for an adequate discussion of the subject 
Some surmises, concenung the changes m cortical function which might lead 
to the depression and the factors which imght mtervene for its spread, may 
be considered These surmises are of value m that they suggest future mter- 
estmg experiments 
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prolonged synchronous clonic activity over a wide extent of cortex, is not 
obtained For this reason the comparison of the rates of spread of tomc- 
clomc activity and of depression could not be earned out 

It IS interesting to note that the results m pigeons, as well as those in cats 
(when the bramstem had been transected), were essentially similar to those 
obtamed in rabbits It is likely, therefore, that species differences may not 
be pronunent and that the anesthetic may not markedly influence the phe- 
nomenon 

The fact that the depression may not spread beyond a narrow band of co- 
cainized tissue, and also that it does not spread to the retrosplemal area, 
seem to pomt to a neuron-to-neuron mechanism for the spread It is possible 
that some elements are stimulated by the electric shocks, and that the activity 
of these elements results m inhibition of the activity of many other neurons 
A wave of marked vasodilatation and mcreased blood flow travels over the 
cortex simultaneously with the wave of depression (32) The most hkely 
mechanism by which the response of the pial vessels might be produced 
seems to be a release mto the mterstitial fluids of some chemical vasodilator 
Whatever the mechanism of this vasodilatation, it is to be expected that the 
marked mcrease m blood flow will m turn influence the activity of the cortical 
neurons m the region concerned That is, the mcreased flow might, for m- 
stance, lower the carbon dioxide tension and, therefore, alter the functional 
activity of the nervous elements (28, 33) The time course of the depression 
of the spontaneous electrical activity m a given region is therefore probably 
affected by this mechanism Also, it is possible that the chemical vasodilator 
itself, or some other chemical released m the tissue fluids, alters the activity 
of the nervous elements and so conditions directly the time course of the 
depression m any given region A lack of mutual excitatory facflitatmg mter- 
action among a group of elements, if some of them were mactivated, might 
also have a part m the development of the depression 

If the mitiation and spread of the depression are due to the discharges of 
certam elements, then these discharges should have electrical signs Hence it 
would be expected that some specific change m the electrical activity should 
be manifest at the front of the wave of depression There was no evidence of 
such change m the records It is necessary to assume therefore, that the 
active elements are distributed irregularly m the cortex, with no defimte spa- 
tial onentation m relation to the electrodes, so that their discharges do not 
set up a recordable potential difference between the electrodes, i e , the umts 
of electneal activity may largely cancel each other The complexity of the 
cortical structure permits such an assumption The spread of depression 
may then be accoimted for by synaptic activation of similar elements m ad- 
jacent regions This mterpretation imphes that active depressmg elements 
should be present m all cortical regions to which depression spreads The 
fact that a ave of depression may be started at any of those regions supports 
the mterpretation The slow propagation, a difficult pomt to explam on the 
basis of synaptic activation of adjacent elements, might be due to the need 
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that the progress of the spreading depression is not controlled hy an enduring 
influence from this region 

The second noteworthy fact about the tomc-clomc responses is that the 
course of the activity is similar m any of the several regions to which it may 
spread, mcludmg the region stimulated With regard to motor convulsions, 
Frangois-Franck £md Pitres (26) noted that, "dans I’ensemble de Tattaque, 
chaque membre . fait independamment des autres membres, xme phase 
tomque et une phase clomque ” Rosenblueth and Cannon (38) found that 
the electncal discharges m any cortical region start with the first, rapid com- 
ponent of the responses, and then pass mto dome bursts coupled with those 
m the rest of the active cortex T^ fact mdicates that the response starts 
anew m any cortical region, much as m the region stimulated These authors 
stated that, "it is not necessary to assume that other elements than those 
which yield component I are mvolved m the spread of the responses, smee 
activity of any area always starts with this component ” Similarly, the time 
course of the spreadmg depression is the same m aU regions mvolved, i e , 
the response agam starts anew m distant places m much the same manner as 
m the area stimulated 

Rosenblueth and Cannon (38) observed that m any region along the 
spread of the cortical epileptic discharges, "the responses are usually pre- 
ceded and attended by inhibition of the spontaneous activity ” This observa- 
tion supports the close relationship between the spread of the depression and 
that of the tomc-clomc activity In the monkeys studied by Rosenblueth 
et al 38,39) the spread of the cortical tomc-clomc electncal activity, mduced hy 
electncal stimulation, took place more readily m the backward than m the 
forward direction m one heimsphere Similarly, m the rabbit’s bram, spread 
of the depression of the spontaneous electncal activity was more readily ob- 
tamed when the frontal regions were stimulated than when the stimuh were 
apphed to regions near the occipital pole 

From aU these facts it is inferred that the mechanisms of spread of the 
waves of depression and of tomc-clomc activity mvolve the same cortical 
elements It is also inferred that depression and tomc-clomc activity are 
closely related, i e , the elements which cause depression and its spread may 
m appropnate conditions activate the elements mvolved m the tomc-clomc 
responses of experimental epilepsy A corollary of these inferences is that 
the spread of tonic-domc activity may be product by the elements which cause 
the initial depression, rather than hy those responsible for component I 

A closer consideration of the inferred correlation of the two responses 
cannot be made at present Thus it would be important to determme if the 
rate of spread of depression and that of tomc-clomc activity are the same m 
a given ammal, under comparable conditions Spread of tomc-clomc cortical 
activity has been studied m monkeys (23, 38) Whether m this species a 
spreading depression can be produced is stiU to be determmed In narcotized 
rabbits, t)rpical gradual spread of tomc-clomc cortical activity out from a 
p m all area strongly stimulated for a few seconds, and resultmg finally m a 
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activity in cortical neurons, but that it was due to potential gradients in af- 
ferent fibers from the thalamus One fact supplymg evidence of this ongm 
of the positive waves was that similar waves could be recorded firom the 
exposed white matter after removal of the cortex Curtis (16) mterpreted 
the early "positive” wave of the responses evoked m the opposite hemisphere 
by smgle shocks apphed to the pial surface, as due to summation of axon 
spikes of the callosal fibers As opposed to the view that these potentials axe 
originated entirely m the afferent axons, a view shared also by Marshall, 
Woolsey, and Bard (34), more recently Dempsey and Monson (17) obtamed 
evidence that cortical elements contribute to the mitial positive wave of the 
sensory responses The depression of these responses and of the responses to 
smgle shocks apphed to the contralateral hemisphere is difficult to reconcile 
with the view that the imtial positive wave is the manifestation of potentials 
m the corticopetal fibers (thalamic or callosal) It is qmte unli k ely that axon 
potentials (m the paths approaching the cortex) could be depressed or m- 
hibited The depression seems to mdicate that the activity revealed by these 
positive waves corresponds to some cortical neurons If the arrival of corti- 
copetal impulses should record, with electrodes on the pial surface, as a 
positive potential this potential would be much bnefer and smaller than the 
mitial positive component of the typical records 

A second comment suggested by the present data concermng the mter- 
pretation of electrocorticograms is the foUowmg Adrian and Matthews (3) 
concluded that the slow potential waves recorded from the cortex are sum- 
mated effects bmlt up from an asjmchronous senes of bnef pulsations in 
nerve cells One of the arguments they presented for the composite nature of 
slow waves was that the ongm of those waves could not be localized The 
records presented m Fig 14 show that it is possible to localize the ongm 
of the specific slow negative wa\ es that may appear as depression reaches a 
cortical region It is likely therefore that these waves are not composed from 
bnef asynchronous discharges m elements distnbuted over a wide area 
These waves might represent prolonged potential changes m relatively few 
elements or else they might have an ongm of an entirely different nature 
There is obviously a s i rmlanty between the response descnbed m the 
present study and the phenomenon of "suppression” of the electrical activ- 
ity, descnbed first by Dusser de Barenne and colleagues (4, 19-22, 26, 27) 
There are, however, many chfierences between the two responses Suppres- 
sion of the electncal activity m the experiments of these authors is brought 
about by the influence of specific cortical areas on the activity of the nucleus 
caudatus, which in turn by way of the thalamus influences the activity of 
the cortex In the present experiments the evidence mdicates that the char- 
actenstic spread is a cortico-cortical process In addition, smce the gradual 
spread progresses uniformly, smce the same events repeat m each cortical 
region, and since there is no correlation m time of the events at distant pomts 
vath those at the stimulated area, it is clear that the mechanism responsible 
for depression is widespread over the cortex rather than the attnbute of spe- 
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of summation of excitation over a long period of time before new elements 
are activated Smce the spread withm one hemisphere is to the regions m the 
vicmity of a given depressed area, it should take place mainly through short 
neuronal connections On the other hand, the fact that the effect can be 
ehcited m the contralateral hemisphere seems to mdicate that long pathways 
may be mvolved 

Durmg the development of depression m a region not only was the spon- 
taneous activity decreased, activity which m itself is to be regarded as a 
sum of components (17, 36) but m addition may different types of cortical 
responses were ehmmated This may be considered evidence that there exists 
m the cortex a mechanism for a diffuse inhibitory influence Changes m the 
physico-chemical composition and equflibna m a given depressed region, as 
seemmgly evidenced by the changes m the pial vessels and as probably 
brought forth by the marked and sudden mcrease m blood flow, may have an 
important part m the realization of this diffuse cortical inhibition They 
might account for the fact that a second spreading depression cannot be 
ehated from the same region until the recovery of the electrical activity is 
well advanced there 

The depression illustrated m Fig 11 II may be smgled out, m that de- 
crease of response appeared when a wave of depression reached not the re- 
spondmg but the stimulated region It is possible that depression may de- 
crease the electncal exatabflity of cortical elements On the other hand, it is 
unlik ely that the exatabflity of the callosal fibers should be modified Prob- 
able explanations are that the stimuh act on the ceU bodies of the projectmg 
neurones, but that theu threshold had been elevated, oi else that the stimuh 
activate directly other elements than the projectmg neurones 

Several of the ipsflateral responses that can be obtamed by direct corti- 
cal stimulation with smgle shoc^ were studied by Adrian (1) and by Rosen- 
blueth and Cannon (38) These responses exhibit several components with 
different features This complexity suggests that several different sets of ele- 
ments may be mvolved A detailed study of the depression of these responses, 
with different positions of the stimulafing and recordmg electrodes m rela- 
tion to the direction of spread of depression, so that either the stunulatmg 
or the recordmg pair is reached by ttie depression, one shghtly before the 
other, should contribute significantly to theu understandmg, and to that of 
the mechanism of depression The observationB made here (page 384) are 
considered only an mtroductory step m this study 

The depression of tomc-clomc responses is difficult to explam Spreading 
depression may cause the appearance of tomc-clomc activity The two phe- 
nomena are closely related, yet m certam conditions depression opposes the 
imtiation of a tomc-clomc response 

Some of the „ • ■ i >ted m the precedmg pages may have a bearmg on 
the mterpre^ t . c of the potential waves recorded firom the surface 
of the hemi/ ' onson (24) and Adrian (2) suggested that 

the imtinl ' sensory responses did not result from 
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clusively cortical, i e , they do not require a contribution from sub-cortical 
centers Their development and characteristics are not determmed by the 
stimuh, but depend on the local characteristics and conditions of the affected 
regions 
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cific areas A further difference is that specific electrical activity often occurs 
during depression No such activity has been reported in the suppressed 
cortex A closer comparison of the two responses awaits further studies 

I ivish to express tny cordial gratitude to Dr Hallowell Davis This study was de- 
veloped under his continuous, valuable and friendly supervision My daily contacts with 
Dr Arturo Rosenblueth, who followed the expemnente closely, were a decisive factor in 
the completion of this work In all its phases, his help was beyond estimation 

SXJMMARY 

In rabbits, under dial narcosis, weak faradic or mechamcal stimulation 
of the exposed cerebral cortex ehcits a characteristic response designated 
"spreading depression ” 

Shortly after the stimulation the spontaneous electncal activity de- 
creases markedly at the stimulated region (Fig 1) The depression then 
slowly spreads m all directions, successively affectmg adjacent areas Withm 
3 to 6 mmutes it mvolves all of the dorsolateral cortex, except the area retro- 
splemahs granulans dorsahs (Rsg of Rose) (Fig 2-5) The depression can 
be imtiated m any of the regions mvolved m the spread, but is usually more 
readily obtamed from the frontal than from the occipital areas 

Recovery of the mitial pattern of spontaneous activity is slow, it requires, 
as a rule, 5 to 10 minutes at each region The spontaneous activity at the 
stimulated region is often well recovered at a time when the depression is 
just startmg m distant parts If only weak stimuh are used, depression at 
any region runs the same course regardless of what region is stimulated 

Only with supramimmal stimulation does the depression spread to the 
opposite hemisphere, then appeanng first m the region symmetrical to the 
pomt of stimulation and thence spreadmg as m the stimulated hemisphere 

The spreadmg depression affe^ not only the spontaneous electncal ac- 
tivity, but also several cortical responses, i e , responses to touch, to elec- 
tncal stimulation of afferent nerves, to lUummation of the retma, to ipsi- 
lateral or contralateral cortical electncal stimulation, and to local apphcation 
of strychmne or of esenne plus acetylcholme (Fig 6-11) Smgle shocks ap- 
phed to a depressed region fail to ehcit typical responses m the opposite 
nondepressed hemisphere 

Specific activity, different from the spontaneous, often develops dunng 
the penod of depression of a region The most common tjrpe of this activity 
IS composed of large, slow, localized potential waves, dunng which one elec- 
trode becomes negative with respect to others 1 to 3 mm distant (Fig 12, 
13, 14) Fast components may also appear, and the activity when intense 
closely resembles the "seizure pattern” of experimental epilepsy (Fig 15- 
19) 

The depression and "tonic-clomc” activity of experimental cortical epi- 
lepsy seem to be closely related phenomena The spread of tomc-cIonic 
responses is probably mediated by the same cortical elements which are m- 
volved m the spread of depression The two processes are mainly or ex- 
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The spreading depression of activity, a response elicited by electrical or 
mechanical stimulation of the cerebral cortex, has been described by Leao 
(8) 

Briefly, this response consists of a marked, endurmg reduction of the 
electrical activity, a reduction which appears first at the region that has 
been stimulated, and spreads out from there m all directions mvolving suc- 
cessively more and more distant parts of the cerebral cortex The rate of 
spread is slow In rabbits, under ^al narcosis, a response started near the 
frontal pole may take more than 5 mmutes to reach the occipital pole Re- 
covery of the initial pattern of spontaneous electrical activity requires 5 to 
10 mmutes, or even more, at each region 

The present paper describes changes that have been observed to occur 
m the pial circulation simultaneously with the depression of the cortical 
electncal activity and its spread 


METTHODS 

Rabbits, under dial narcosis (0 55 to 0 75 cc per kg , administered by intrapentoneal 
injection) were used in all experiments One or both cerebral hemispheres were widely ex- 
posed The pial vessels were observed with a compound microscope The beam of bght 
directed to the surface of the hemisphere wm filtered through an ammoniacal copper sul- 
phate solution, in order to remove heat rays and provide better color contrasts 

The stimulating electrodes — fine silver wires, with a small bead at the tip — were ap- 
phed to the pial surface The interelectrodal distance was about 1 5 mm The stimuh were 
"tetanizing” shocks from a Harvard induction coil, dehvered for a period of 3 to 5 seconds 
The stimulation was always below threshold for the production of any immediate cortical 
electncal "after-discharge ” Mechanical stimulation was obtained by means of a few hght 
touches with a small glass rod These stimuh caused only a shght compression of the tissues, 
without any visible structural damage A six-channel Grass mk-wntmg oscillograph was 
used for the study of the cortical electncal activity (8) 

Results 

The artenes and vems of the pia are readily identifiable Besides distmc- 
tive features m their cotirse and manner of branchmg, then difference m color 
is very stnkmg — the artenes are a bnght scarlet, the vems a purphsh red 
The blood flow m the artenes is ordmanly too rapid to be followed, but m 
the veins it is clearly visible The entire picture of the pial circulation is 
markedly changed when, foUovnng stimulation, depression of activity 
spreads o\ er the cortex 

1 At the stimulated region, as the electncal activity becomes progres- 
sively inore and more depressed, a \erj' conspicuous dilatation of the artenes 
occurs In the v ems, the rate of flow is stnkmgly increased, and these vessels 
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If, following suprammunal stimulation, a depression of activity appears 
in the opposite hemisphere, then vasodilatation and increased blood flow 
also occur m that hemisphere The changes m the pial circulation are first 
seen at the region symmetrical to the one stimulated, and spread out from 
there to the rest of the hemisphere m exactly the same manner as descnbed 
for the stimulated side The latency for the appearance of the depression of 
activity, and the concormtant changes m the pial circulation, at the sym- 
metrical region is longer than at the stimulated region, so that the spreads 
m the two hemispheres are not comcident The response on the opposite 
side, starting a httle later, as a rule covered at any given time a smaller area 
than that mvolved on the stimulated side The changes m the pial circula- 
tion are similar m a given region, whether the stimuh have been apphed 
near or far, and regardLess of the region stimulated 



B 



Fig 2 Electrograms taken from electrodes m the immediate neighborhood of the 
area shown in Fig 1 A Control, before stimulation B The depression of electrical activity, 
taken during the exposure of Fig IB 

3 Specific electrical activity, clearly different from the "spontaneous,” 
often appears durmg the depression of cortical activity This activity is of a 
"convulsive” character, and when mtense closely resembles the "seizure 
pattern” of experimental epilepsy, (8) The response of the pial vessels is 
similar whether pure depression of the spontaneous electrical activity takes 
place or whether specific mcreased activity of any mtensity develops durmg 
the depression 

4 In many experiments, the systemic arterial pressure was recorded 
while observations were made on the pial circulation and on the electncal 
activity of the cortex One carotid was cannulated and connected to a mem- 
brane manometer No change of the blood pressure took place while the 
cortex was stimulated and the wave of vasodilatation and mcreased blood 
flow spread over the hemispheres 


Comment 

The factors regulating the blood flow m the brain have been remewed re- 
cently by Forbes (3), vho tabulated the extracerebral and the cerebral fac- 
ors In the phenomenon obsen'ed m the present experiments, the changes m 
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promptly become as scarlet as the artenes Many small vessels, unnotice- 
able before, become clearly outhned in the field 

From the stimulated region similar changes spread out slowly in all 
directions This spread is stnctly analogous to that of the depression of the 
electrical activity, and the two processes appear comcidentaUy at any given 
region That is, the wave of vasodilatation and mcreased blood flow suc- 
cessively affects adjacent areas and within about 3 to 6 mmutes mvolves aU 
of the dorsolateral aspect of the cerebral hemisphere of the rabbit As m the 
case of the depression of the cortical potentials, the only area not involved 
18 a small region medial to the parasagittal sulcus This area corresponds to 
the cytoarchitectomc area "retrosplemahs granulans dorsahs” (Rsg p) of 
Rose (11) 

At any given region, maximal dilatation of the artenes is reached in about 
0 5 to 1 5 mmutes after it first becomes noticeable The gradual subsidence 



Fig 1 A Control before stimulation The large vessel is an artery, of about 120p 
diameter B The wave of depression haa reached the region (see Fig 2) The diameter of 
the artery is approximately doubled 


is somewhat more vanable m tune As a rule, however, withm 1 5 to 3 
mmutes the cahber of the artenes has returned to previous values Artenes of 
all sizes are strongly dilated The mcreases m diameter, as observed with the 
microscope, are of the order of 50 to 100 per cent (Fig 1) Although precise 
measurements with an ocular micrometer are difficult to make, due to the 
pulsations of the exposed hemisphere (chiefly those caused by the respira- 
tion), the curve of Fig 2 illustrates the general course of a representative 
observation 

Occasionally, the penod of marked dilatation was followed, m some ar- 
tenes, by a long penod of a relatively much slighter reduction of caliber 
The change m the pial circulation was m most cases easily perceived with 
the naked eye, as a widemng area of a reddish color 

2 With minimal effective stunuh, the wave of vasodilatation, bke the 
depression of activity, spreads only m the stimulated hemisphere No change 
takes place m the pial circulataon of the opposite hemisphere while the wave 
of vasodilatation is spreading over the stimulated side 
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the spread of the response, the majonty of the cells show a depressed activ- 
ity, i € , they probably produce less CO*, so that a nse sufficient to cause the 
conspicuous dilatation observed is doubtful As an additional argument it 
may be mentioned that m many experiments the small veins were carefully 
observed in order to find out whether they became darker before they turned 
as bnght scarlet as the artenes No such darkerung was seen Although the 
vessels of the bram are highly sensitive to CO*, this agent would act mainly 
on the fine, readily permeable vessels A large concentration would be neces- 
sary to produce the marked dilatation of large artenes seen here Such high 
concentration would presumably be associated with high O; consumption 
Some darkeiung of the blood would, therefore, be expected to appear before 
the penod of vasodilatation 

Some other metabohte, e ^ , a fixed aad, or a change m concentration of 
some morgamc ion, or some specific orgamc compound, might be the agent 
for the vascular reaction observed Whatever the mecha n ism of the vasodila- 
tation, it is to be expected that the marked mcrease m flow wiU m turn influ- 
ence the activity of the cortical neurons m the region concerned (for instance, 
by producmg acapma, and so altenng the functional activity of the cortex) 
Tlie tune course of the depression of activity m a given region is therefore 
probably influenced by the vascular reaction 

The cerebral blood flow during seizures mduced by electncal stimulation 
has been studied by many mvestigators (4, 10, 2, 7) by means of thermo- 
couples Penfield (9) observed the pial artenes m epileptic patients dunng 
cramotomy These authors report an mcrease of flow m the portion of the 
cerebral cortex mvolved m the convulsive discharge Gibbs, Lennox and 
Gibbs (6) measured the jugular flow m epileptics and found also an mcrease 
accompanymg seizures In the present experiments, vasodilatation and m- 
creased flow always occurred m any cortical region when a wave of spreadmg 
depression of activity reached it This mcrease occurred whether there was 
pure depression, or whether convulsive potentials appeared Hence, the m- 
creased flow cannot be attnbuted to the mcreased neuronal activity of the 
discharge itself The vascular reaction is correlated with the mechanism of 
depression and its spread, and m our experiments precedes the convulsive 
potentials that often occur m depressed areas 

The close relations between the spreadmg depression and the discharges 
of experimental epilepsy have been discussed by Leao (8) 

1 WTsh to express my gratitude to Dr Hallowell Daias This study, first reported m a 
thesis submitted October, 1943, in partial fulfillment of the requirements for the degree of 
Doctor of Philosophj , Han ard Unii ersity, was earned out under his \ aluable and fhendJi 
Eupemsion •' 

SUiQIART 

In rabbits, under dial narcosis, a wave of marked dilatation of and in- 
creased blood flovs m the pial vessels travels over the cerebral hemispheres 
conconutantly mth the depression of electncal actmtj' that is ehcited by 
weak electncal or mechanical stimulation of the cerebral cortex The two 
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caliber of the cerebral artenes seem to be active and correlated with local 
activity of neurons That the vascular reaction is secondary to a local change 
m the activity of nervous elements is mdicated by the cases m which depres- 
sion of activity IS ehated m the opposite hemisphere Arterial vasodilatation 
and mcreased blood flow then appear at the region symmetrical to 'that 
stimulated Only nervous pathways could estabhsh this sohdanty between 
symmetncal cortical regions m the two hemispheres General factors are 
excluded by the fact that there were no changes m the systemic artenal 
pressure durmg the spread of the response 

It seems clear, therefore, that the change m the activity of the cortical 
neurons, when depression is startmg m any given region, causes local vaso- 



Mimifes after stimulation 


Fig 3 Graph showing the tune course and magnitude of artenal 
vasodilatation attending a depression 

dilatation and increased blood flow An imderstandmg of the mter-relations 
between the two phenomena awaits further mvestigation The foUowmg sur- 
mises may be suggested A chemical vasodilator agent rmght be released 
mto the mterstitihl flmd this is the most likely mechamsm by which the re- 
sponse of the vessels might be produced Another possibihty would be a 
local, intrinsic system of vasomotor nerves No evidence has ever been foimd 
of such a system, but the prompt emd marked dilatation of large pial artenes 
that was observed m the present experiments rmght suggest this possibihty 
Among the vasodilator substances, carbon dioxide is of special impor- 
tance That it 18 a powerful cerebral vasodilator has been established by 
several authors, and with different methods (6, 16, 1, 13) Regional mcreases 
m blood flow correlated with local neuronal activity, and probably caused 
by mcreased cellular metabohsm with a corresponding nse m CO 2 tension, 
have also been reported by several authors (14, 13, 12) Smce the vasodilata- 
tion observed m the present experiments develops as the electncal signs of 
neuronal activity wane, a correlation with a nse m CO- tension is not prob- 
able Although some cortical elements are probably active m brmgmg forth 
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The effect of interfering stimuli on the time course of summation m the 
spmal cord was studied hy Bremer (2) and by Eccles and Sherrmgton (4) 
with a reflex muscle contraction as mdex Maxima of facihtation were found 
at different mtervais and rather comphcated curves for the time course of 
summation were obtamed 

Today direct recordmg of the waves of potential, emanatmg from the 
. ventral roots, would seem to offer new possibihties for the analysis of the 
tune course of states of excitation and inhibition The general prmciple of 
the method still remains the same A conditionmg stimidus sets up a state of 
excitation mvestigated by means of a second test stimulus But m these new 
experiments the test stimulus is dehvered by means of electrodes placed 
directly mto the lateral region of the spmal cord, the conditionmg stimulus 
bemg apphed to the pophteal nerve of the same side The reflex volleys are 
led off from the ipsilateral peroneal nerve It proved possible to further the 
analysis by these means Some basic findmgs, descnbmg penodically recur- 
ring inhibitory and excitatory states will be presented m this paper 

METTHOD 

The expenmenta were earned out with decerebrated cats A 4-stage push-pull directly 
coupled amplifier was used together with a double ray cathode ray oscillograph To the one 
beam was led the effect from the peroneal nerve (see Fig 1), the other beam recorded time 


Fig 1 Diagram illustrating ex- 
perimental set up SC, spinal cord. Per, 
peroneal nerve (crushed at the end) 
with recording leads attached Pop, 
pophteal nerve with stimulating elec- 
trodes (NS) for conditiomng stimulus, 
SCS, stimulating electrodes for test 
stimulus to spmal cord 



* Aided by a grant from the Rockefeller Foundation for neurophysiological research 
t or ne«^sit> It has not been possible to ha\ e proof for this paper read bv the author 
and some of the references hn\ e been corrected and supplied in the editorial office m order 
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processes appear coincidentally at any given region, and involve all of the 
dorsolateral aspect of the hemisphere, with the exception of a small region, 
medial to the parasagittal sulcus (area Rsg /3j of Rose) 

Artenes of all sizes are greatly dilated The increases m diameter are of 
the order of 50 to 100 per cent T^e flow m the veins is stnkmgly mcreased 
and these vessels promptly become as scarlet as the artenes 

The changes m the pial circulation are similar whether only depression 
of the spontaneous electncal activity takes place or whether "convulsive” 
activity, of any mtensity, develops durmg the depression 

The vascular response is apparently secondary to a local change m the 
activity of nervous elements Ii^atever the mechanism of the vasodilation, 
the marked increase m blood flow probably influences m turn the activity 
of the cortical neurons 
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The first volley with its total latent penod of about 6 msec is followed 
after a latent penod of 8-8 5 msec by a second volley and sometimes even 
by a third more or less well synchromzed peak with a total latent penod of 
12-12 5 msec Repeated stimulation at the frequenaes used (10-20 per sec ) 
seems to favour the appearance of synchronized volleys (7) 

2 Effect of conditioning stimulation on relayed waves elicited by test stimuli 
to spinal cord The first volley ehated by the electrodes placed m the spmal 
cord (marked by a cross m Fig 2a) is caused by direct stimulation of afferent 
or efferent fibres or of the ventral horn ceils It is followed by one or several, 
generally two, volleys with different latent penods Their number and size 
depend upon the locus of the electrodes, stimulus frequency, excitatory back- 
ground, etc They have hitherto generally been regarded as waves relayed 
over one or several synapses but some of the results to be presented m this 
paper suggest that other explanations may have to be considered too In 
Fig 2a they are marked 1 and 2 and wiU be referred to as first and second 
relayed wave respectively Facihtation of relayed waves has been descnbed 
by Lloyd (7) and Renshaw (13) Bernhard and Granit (1) have shown that 
the frequency tolerance of such waves relates mversely to their central re- 
flex tunes In these experiments it has been difficult to ehcit relayed waves 
m denervated animals, whereas they are commonly seen if the hmd legs have 
been left innervated For this reason innervated animals were used 

The experiments were generally begun by locahzmg a place m the spmal 
cord for which upon stimulation by the spmal cord electrodes, one or several 
weU synchronized peaks followed Such a place havmg been found, the con- 
ditionmg stimulus to the pophteal nerve was started, and its effect upon 
relayed waves of different latent penods was analyzed for different time 
mtervals between conditionmg stimulus and test stimulus The aim of the 
experiment was to detemune whether the effect of the conditionmg stimulus 
upon the relayed volleys, caused by the test stimulus, followed any general 
rules referable to latent penods and mterval between the two mterfermg 
stunuh In descnbmg the results latent penods have been used instead of 
central reflex tunes m order to simplify mterpretation of the figures But 
m the final summary of the results all tunes have also been reduced to cen- 
tral reflex times 

A typical experiment wdl now be descnbed with the aid of Fig 2 m 
which the spmal cord electrodes are placed laterally 3-4 cm above the cnsta 
iliaca In record o the duect wave follows the shock artifact after 1 7 msec 
which accordingly is the conduction time from the spmal horns to the record- 
ing electrodes on the peroneal nerv'e It is succeeded by a first relayed volley 
with a total latent penod of about 4 5 msec and a somewhat variable second 
relayed wave with a total latency of about 7 5 msec Relayed waves as late 
as wave 2 of record a are seen only m good preparations and only if the elec- 
trod^ have been well placed In the hmitmg frequency diagram of Bernhard 
and Gramt (1) the longest central reflex tune for a homolateral relayed wave 
was 5 3 msec , correspondmg to about 5 8 msec m record 2a 
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m msec Both beams were shifted hon?ontally by a sweep circuit, the film being run verti- 
cally at slow speed The spinal cord was stimulated, as in the experiments by Bernhard and 
Granit (1), by needles, insulated except at the tip, and at a distance of 2 mm from each 
other (S C S in Fig 1) Stimulating electrodes to the popliteal nerve are marked N S in 
Fig 1 

The stimulating curcuits were controlled by two photocells, attached to movable radii 
fixed to a central common axis and activated by a rotating reflector in the same axis Any 
desirable stimulus interval could thus be obtained by shifting the photocells relative to 
each other along the periphery of the circle the centre of which was the rotatmg reflector 
A thud photocell controlled the sweep circuit 


Results 

1 General description of reflex volley recorded in peroneal nerve upon stimu- 
lation of ipsilateral popliteal nerve In good preparations stimulation of the 
conditionmg popliteal nerve often ebcits a set of successive reflex voUeys at 
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Fig 2 Responses re- 
corded from the peroneal 
nerve upon stimulation of 
homolateml popliteal nerve 
(conditioning at ) and spi- 
nal cord (test st ) at dif- 
ferent intervals between 
conditioning and test stim- 
ulus a, effect of test stimu- 
lus alone showing direct 
wave (t) and two relayed 
waves (1 and 2) h-n, effect 
of shortemng of interval 
betw een conditionmg and 
test stimulus See text 
p, effect of conditioning 
stimulus alone at greater 
amplification 


the recording electrodes on the peroneal nerve A picture of such a response is 
found m Fig 2 record p Its latent penod is about 6 msec After subtractmg 
from this value the peripheral conduction times on the afferent and efferent 
sides, together about 3 msec , there remains a central reflex tune for the first 
volley of about 3 msec 
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cated m the following records m—o But from the second relayed wave m 
record I is seen to escape a volley which from m-o diminishes, shifts to the 
right and drifts out of the picture m parallel with the shift of the artifact of 
the conditionmg stimulus This wave, to judge by its latency, is the first 
volley caused by the conditioning stimulus 

This experiment is a characteristic sample, chosen from a great number 
lUustratmg similar periodic facditations and depressions Eleven such ex- 
periments have been analyzed below m Table 1 In the diagram of Fig. 3 
two similar experiments of this kmd have been averaged The mtervals be- 
tween the stimuh are found on the abscissa Values to the left of zero refer 
to that part of the experiment (records a-i of Fig 2) m which the condi- 
tiomng stimulus precedes the test stimulus, at zero abscissa they coincide, 
and to the nght of zero the conditionmg stimulus succeeds the test stimulus 
The ordmates illustrate the facditations and depressions of a smgle relayed 
wave of long latent period, long enough to enable the conditionmg stimulus 
to condition this wave even though its shock artifact just succeeds the shock 
artifact of the test stimidus Normal amphtude is at ordmate 100 The figure 
illustrates the remarkable brevity of the facditations and depressions 

The curve drawn m full represents the penodic fluctuations m the first 
relayed wave at different mtervals between the stimuh caused by the mter- 
fermg conditionmg stimulus There are three well marked facflitation max- 
ima ^ of which push this wave above its normal level They occur at mter- 
vals of respectively S-9, 4-5, and 1-2 msec Between these maxima are mini- 
ma of inhibition pressmg the amphtude below the normal level at 100 The 
behaviour of the second relayed wave with latent penod 7 5 msec is illus- 
trated by the broken Ime It can be seen that as long as the conditionmg 
stimulus preceded the spmal cord stimulus by more than 4 msec the second 
relayed wave was completely inhibited Facditations are found at mtervals of 
2 msec before and 1-2 msec after the test stimulus to the spmal cord 

There may be variations m number and size of the relayed waves con- 
nected with the general excitatory background and with the level of decere- 
bration But insofar as relayed waves are present they are always influenced 
by the conditionmg stimulus at certam regular and wed defined mtervals 
dflfenng httle m tune from experiment to experiment The evidence for this 
statement wfll be taken up below m connection with Table 1 Even if certam 
relayed waves are lackmg m the complex response, caused by the test stimu- 
lus alone, they may turn up at their expected facilitation maxima under the 
influence of the conditiomng stimuh Similarly, conditionmg stimuh, which 
alone do not ehcit any visible waves, facihtate and inhibit relayed waves, 
started by the test stimulus, at their proper tune mtervals 

3 Short intervals, absence of direct wave The spmal cord electrodes may 
also be placed so that they cannot excite the dorsal or ventral root fibres 
directly (7, 8, 9) In such cases the response picked up m the peroneal nerve 
only consists of relayed volleys An experiment of this tj^e is idustrated m 
Fig 4 in which the large wave foUowung the second shock artifact m record 
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Depending upon the interval between conditioning and test stimulus 
relayed waves may be unmfluenced, facibtated or depressed In record 26 the 
conditioning stimulus precedes the test stimulus by 16-17 msec so that its 
shock artifact falls outside the picture and its response just at the left end 
of the record, but m c, and stdl better m d, these artifacts can be seen, and 
the conditiomng response (c/ particularly 6 and c) consists of two small 
volleys with latent penods 6 and 8-8 5 msec Greater amplification revealed 
a sporadic third voUey after 12-12 5 msec 

Let us now examme the effect of the pophteal conditionmg stimulus upon 
the complex response a of the spmal cord stimulus In record 6 the first re- 



Fig 3 Relative ampbtude of re- 
layed waves, caused by test voUey to 
spmal cord, plotted against mterval be- 
tween conditioning and test stimulus 
Curve drawn m full refers to wave of 
latent period 4 6 msec , curve in broken 
Imes to one of latency 7 6 msec To the 
left of zero abscissa conditionmg stimu- 
lus precedes test stimulus, to the nght 
vice versa Ampbtude m per cent of 
normal value at horizontal bne 100 


layed volley is greatly augmented, the second greatly depressed Records 
c-o show what happens when the conditionmg stimulus approaches the test 
stimulus In c, for stimulus mterval 11 msec , the first relayed wave agam 
diminishes, but when the mterval shrinks m record d, the first relayed volley 
mcreases beyond its ongmal value (m record a) It is to be noted that m all 
these records the conditionmg stimulus is bemg successively shifted m to- 
wards the test stimulus In record c the mterval has decreased to 6-7 msec 
with the result that a new dimmution of the ampbtude of the first relayed 
volley occurs which m record f is succeeded by a third phase of mcrease m 
amplitude of this wave, aU these effects bemg perfectly regular and repro- 
ducible A third depression sets m at stimulus mterval 3-4 msec m record g 
The greatest facihtation of the first relayed wave is found m lecord h at 
mterval 1-2 msec In this record the second relayed wave agam turns up so 
that the picture now looks like an amplified record a 

In record i the two stimuh are practically simultaneous Both relayed 
waves are now depressed The conditionmg stimulus then passes the test 
stimulus (m k) and consequently the first relayed wave rises to its ongmal 
ampbtude But the second relayed wave is so late that it still has a chance of 
bemg influenced by the conditiomng stimulus and so reaches a final maxi- 
mum m record k when the conditionmg stimulus succeeds the test stimulus 
by 1-2 msec The second relayed wave reaches a minimum m / and is mdi- 
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s a particularly weU synchronized relayed voUey with latent period 3 msec 
le first shock artifact comes from the pophteal conditionmg stimulus that 
^ itself was without a visible effect As this stimulus approaches the test 
imulus m record a the large relayed wave diminishes and disappears com- 






Fig 4 Records of relayed wave, ebated 
by test stimulus, influenced by conditioning 
stimulus at intervals shortening firom a to g 
(see mterv als between shock artifacts) See text 
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Fig 5 Diagram, plotted asm Fig 3, refer- 
ring to 4 experiments of the type shown in Fig 
4 Fully explamed m text 


pletely m recoid 6 at an mterval of 4 
msec Further shortemng of the mter- 
val is accompamed by a renewed m- 
crease of the relayed voUey which m 
record c, at an mterval of 2 msec , is 
greatly facditated From record d on- 
wards follows a new depression of the 
relayed wave accompamed by a length- 
enmg of its latent penod At the same 
time, from e onwards, there appears a 
new wave m front of it The two waves 
are about equal between e and f From f tog the new wave has taken up the 
place of the ongmal wave of record a whereas the second wave has ditmn- 
ished and finallj’ disappeared in g 

Four similar experiments are collected m the diagram of Fig 5 set up as 





Table 1 

INHIBrnoN FACILITATION 
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peroneal nerve Inspection of the vertical columns h from the 11 experiments 
analyzed reveals the simple rule that the periods I— VII of facihtation and 
depression recur with remarkable constancy from experiment to experiment 
The averages are found in the lowest horizontal column of the table These 
show that inhibitory periods centre around latencies of 4 5, 7 7, 11 7, and 
16 1, and periods of facihtation around 5 5—6 9, 8 6—10 7, and 12 3—15 6 
* All these periods have not been ob tamed m all experiments Particularly 
complete is Expt 10 m which 
4 penods of inhibition and 3 
penods of facihtation were seen, 
as illustrated by the table It 
should further be noted that 
these penods occur m their 
fixed positions mdependently of 
whether the relayed wave stud- 
ied in the experiment has had a 
long or short latent penod r 
The values for r range from 
2 3-7 5 msec Considermg the 
vanations that are likely to oc- 
cur from experiment to expen- 
ment the constancy of the penods of facihtation and inhibition must be 
regarded as satisfactory. 

' The results of Table 1 are graphically summarized m the diagram of Fig 
6 which also supplements the analysis with a reduction to central reflex 
tunes In this diagram the arrow at N S (zero abscissa) marks the moment 
of the conditiomng pophteal stimulus In the best experiments, as pomted 
out above, this stimulus ehcits three waves, marked by triangles T^e first 
of these waves is seen m most cases, the second and third less regularly The 
second dotted arrow signals the moment of amval of the conditiomng volley 
into the spmal cord The heavy arrows, pomted downwards, illustrate the 
lowest pomts of the troughs of inhibition, the oblongs the penods of facihta- 
tion of the relayed volleys, set up by the test stimulus The diagram shows 
that these penods are placed m a defimte temporal position relative to the 
moments at which the conditiomng stimulus sets up a process m the centre 
The first tune this happens represents the moment of amval of the first 
volley from the conditiomng stunulus mto the centre This moment (the 
dotted arrow) can only be deduced by subtractmg penpheral conduction 
times because no wave represents it at the recordmg electrodes on the effer- 
ent side The foUowmg 3 waves (tnangles) may or may not be recordable at 
the peroneal neri'e There is apparently a fourth relayed volley, ehcited by 
the conditiomng stimulus and noticeable m the diagram as a fourth oblone 
The equivalent relayed volley is too small to be recordable The central re- 
fiex tunes are represented by the distances from the dotted arrow to the 
vanous phenomena marked in the diagram 



Fig 6 Diagram illustrating thepenodicvana- 
tions of inhibition (arrows below horizontal) and 
facihtation (oblongs) following the conditioning 
stunulus (NS) The tnangles show the temporal 
positions of waves ehcited by the conditioning 
stimulus Tune from N S to fiiat arrow total pe- 
npheral condition time See text 
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Fig 3 The line drawn in full refers to the large relayed volley of record a, 
the broken line to the new wave turning up at bnef intervals between condi- 
tioning and test stimulus The former curve has two inhibitions at 9-10 msec 
and 4 msec respectively The sharply dehmited facihtation maximum at 2 
msec IS succeeded by the sphttmg up of the relayed response mto two com- 
ponent waves and the final disappearance of the second one of them The 
first component (broken hne) then gradually takes up the position of the 
ongmal wave It is probable that the second component of the double wave 
at these time mteiwals actually is the facihtation of a phase of the condi- 
tiomng response that at other mtervals was subthreshold This facihtation 
must then have overlapped with the inhibition of the test response 

4 Analysis of time intervals of facilitation and depression The typical ex- 
periments, descnbed m the foregomg sections, have emphasized the extraor- 
dmary rapidity with which periods of facihtation and inhibition may suc- 
ceed each other m the reflex activity of the spmal cord The precision neces- 
sary for an analysis of these changes has been attamed with the aid of small 
shifts m the position of the photocell that controls the conditioiung stimulus, 
towards and past the photocell activatmg the test stimulus to the spmal 
cord 

A detailed analysis of the temporal properties of the penodic states of 
facihtation and depression reveals the existence of rules, masked m Fig 3 
and 5, because m them the variations of excitabihty were plotted merely 
against mtervals between conditionmg and test stimulus In Table 1 these 
mtervals are set down vertically m the columns a for the penods of facihta- 
tion or inhibition marked I, II VII The table summarizes 11 expen- 
ments (No 1-11) each of them presented horizontally with its own penods of 
facihtation and inhibition (I- VII) In each experiment the effects have been 
analyzed for one particular relayed wave The total latent penod (r) of this 
relayed wave is to the left m the first horizontal column referrmg to the 
particular experiment m question Thus, for mstance, there are five expen- 
ments (No 2-6) m which the latent penod of the relayed wave is around 
3 0 msec In the last experiment (No 11) a relayed wave folio wmg as late as 
after 7 5 msec has been analyzed The negative value (— 3) m the first 
column a of this expenment sigmfies that the conditioning stimulus has suc- 
ceeded the test stimulus by 3 msec , represented m Fig 3 by values to the 
nght of zero abscissa In this case an effect of the conditionmg stimulus upon 
the test stimulus is possible only m experiments where the relayed wave itself 
has had a relatively long latent penod so that this stimulus, despite the 
negative value, actually has been effective before the relayed wave has oc- 
curred 

From this follows that the theoretically significant figures m the table are 
not represented by the mtervals a for the shock artifacts but by the sum of 
this mterval a -f- the latent penod of the relayed volley r This sum appears 
m the vertical columns b of Table 1 These figures represent the moments of 
appearance of facfiitations or depressions at the recordmg electrodes on the 
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Discussion 

The fact that the penods of facihtatioii and inhibition have such a stnct 
temporal localization with respect to the central effects of the conditioning 
pophteal stimulus suggests that the region m which mterference takes place 
has very small dimensions The regularity could, for mstance, be determmed 
by a reverberation circmt (5, 12, 10, 11), a cham re-excitmg itself and thus 
ongmatmg a volley at the same focal place after mtervals diffenng relatively 
httle from each other but mcreasmg m length as activity m the diam grad- 
ually IS damped out Each wave of activity would be succeeded by a penod 
of inhibition followed by a penod of facahtation In this manner Fig 6 could 
be explamed on the basis of the pnnciple of relayed voUeys It is to be noted 
that the first inhibition of this figure precedes the first sign of excitation at 
the recordmg electrodes A similar early inhibitory phase has been noted by 
Renshaw (14, see also 8) In Fig 6 it can be explamed, hke the other inhibi- 
tory depressions, as a consequence of the amv^ of the first volley of excita- 
tion to the cntical region m the spmal cord 

But recent work by Gramt and Skoglund (6) has suggested another pos- 
sible hne of thought They have studied the properties of the “artificial 
synapse,” formed by the cut end of a penpher^ nerve (cats) m which im- 
pulses set up m the motor roots are relayed over mto sensory fibres so that 
they can be picked up m the sensory roots By testmg with two successive 
stimuh (“conditioning volley” and "test volley”) they found that this 
"synapse” sets up bnef penodic states of facihtation and inhibition strongly 
reminiscent of those found above This bemg so it is necessary to reckon witii 
the possibihty that secondary volleys also can be caused by similar penodic 
venations at a smgle synapse and thus need not be relayed m the manner 
hitherto assumed by all workers m this field mcludmg Bernhard and Gramt 
( 1 ) 

Summary 

Local stimulation with needle electrodes placed laterally m the spmal 
cord ehcits a number of oscillations of synchronized impulses which have 
been picked up in the peroneal nerve The different synchronized waves of 
this complex response can be inhibited or facditated by a conditionmg stimu- 
lus to the ipsdateral pophteal nerve m a manner dependent upon the tune 
mterval between the conditionmg stimulus and the test stimulus to the 
spmal cord 

It IS shown that the conditionmg stimulus causes a rapid penodic vana- 
tion of inhibition and facihtation m which four inhibitory minima and four 
excitatory maxima can be noted The number of such depressions and facih- 
tations may vary from experiment to experiment but their temporal location 
with respert to conditionmg stimulus is constant withm relatively narrow 
limits. 
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Discussion 

The fact that the periods of facihtation and inhibition have such a strict 
temporal localization with respect to the central effects of the conditiomng 
pophteal stimulus suggests that the region m which mterference takes place 
has very small dimensions The regularity could, for mstance, be determmed 
by a reverberation circmt (5, 12, 10, 11), a cham re-excitmg itself and thus 
ongmatmg a volley at the same focal place after mtervals differmg relatively 
httle from each other but mcreasmg m length as activity m the cham grad- 
ually IS damped out Each wave of activity would be succeeded by a period 
of i^bition followed by a penod of facihtation In this manner Fig 6 could 
be explamed on the basis of the prmciple of relayed volleys It is to be noted 
that the first inhibition of this figure precedes the first sign of excitation at 
the recordmg electrodes A similar early inhibitory phase has been noted by 
Renshaw (14, see also 8) In Fig 6 it can be explamed, hke the other inhibi- 
tory depressions, as a consequence of the amv^ of the first volley of excita- 
tion to the critical region m the spmal cord 

But recent work by Gramt and Skoglund (6) has suggested another pos- 
sible hne of thought They have stu<hed the properties of the "artificial 
synapse,” formed by the cut end of a penpher^ nerve (cats) m which im- 
pulses set up m the motor roots are relayed over mto sensory fibres so that 
they can be picked up m the sensory roots By testmg with two successive 
stimuh ("conditiomng voUey” and "test volley”) &ey found that this 
"synapse” sets up bnef periodic states of facihtation and inhibition strongly 
reminiscent of those found above This bemg so it is necessary to reckon with 
the possibdiiy that secondary voUeys also can be caused by similar penodic 
vanations at a smgle synapse and thus need not be relayed m the manner 
hitherto assumed by all workers m this field mdudmg Bernhard and Gramt 
( 1 ) 

Summary 

Local stimulation with needle electrodes placed laterally m the spmal 
cord ehcits a number of oscillations of synchronized impulses which have 
been picked up m the peroneal nerve The different synchronized waves of 
this complex response can be inhibited or facditated by a conditionmg stimu- 
lus to the ipsilateral pophteal nerve m a manner dependent upon the time 
mterval between the conditiomng stimulus and the test stimulus to the 
spmal cord 

It IS shown that the conditiomng stimulus causes a rapid penodic varia- 
tion of inhibition and facihtation m which four inhibitory minima and fotu 
excitatory maxima can be noted The number of such depressions and facih- 
tations may vary from experiment to experiment but their temporal location 
with respect to conditiomng stimulus is constant withm relatively narrow 
limits 
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Stimuli applied locally with needle electrodes in the spinal cord, apart from 
exciting motor or sensory roots directly, may also ehcit effects relayed over 
one or several synapses (2, 8) Direct and relayed volleys can be picked up, 
for instance, m the peroneal nerve and be conditioned by other stimuli m 
the usual manner In a previous paper (1) the effect of a conditiomng stimu- 
lus to the ipsilateral pophteal nerve was studied with the aid of test shocks 
apphed to spmal cord electrodes and it was noted that the conditiomng 
stimulus was succeeded by rapid periodic oscillations of excitation and inhibi- 
tion, characterized by facditation and depression of the relayed volleys 
picked up from the peroneal nerve. Generally four altematmg periods of ex- 
citation and inhibition could be recorded Their properties were desenbed m 
the previous paper 

In this work wdl be shown m what manner the periodicity of the excita- 
tory effect followmg a conditiomng stimulus is related to the well-known 
phenomena of reflex rebound (11) sustamed facditation (5) For details 
of techmque and procedure, see the previous paper (1) 


Results 

The periods of facilitation and inhibition In the experiment, illustrated m 
Fig 1-4, histological control showed that the electrodes had been placed at 
the level of 16 m the region marked m Fig 1 A The test shock to these elec- 
trodes (msulated down to the tip) did not ehcit any direct wave but only the 
relayed wave seen m Fig 2a-b, Fig 3b and Fig 4a The latent period of this 
wave was about 2 5 msec The conditiomng shock to the ipsilateral pophteal 
nerve ehcited two successive relayed volleys with latencies 4 9 and 7 1 msec 
(triangles, Fig IB) At the amplification used m Fig 3a only the first of these 
relayed waves is visible The experiment was begun by localizing the time 
mtervals between conditiomng and test shock at which optima of facditation 
and inhibition were present The result of this prehmmary experiment is 
found m diagram lA m which the abscissa represents the shock mtervals and 
the ordinates the height of the relayed volley, subjected to analysis, m rela- 
tion to its normal amphtude 100 (conditioning stimulus absent) The dia- 
gram ^ows that the conditiomng pophteal stimulus causes maximal facihta- 
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tion, at a frequency of 9 per sec , the inhibitory interval I< of Fig IB and lA 
Figure 2 should then be consulted In 2a the effect of the test stimulus to the 
spmal cord with its first relayed volley is shown alone Repetition of tim 
stimulus by itself leads to a gradual dimmution of the effect which ultimately 



Fig. 2 Fig. 3 Fig 4 


Fig 2-4 Responses from the recording electrodes on the 
peroneal nerve following stimulation of the homolateral pop- 
hteal nerve (conditioning stimulus) and the spinal cord (t®!' 
stimulus) The pair of stimuh recur at a frequency of 9 per sec 
Fig 2-3 Rebound (2 and 3d-f) after inhibition (2 and 3c) 
compared with effect of test stimulus (2a, b and 3b) before m- 
hibition In Fig 2c mterval between conditioning and test 
stimulus 11 msec (cf /< in Fig lA), in Fig 3c, 1 5 msec (cf. 

/i in Fig lA) 3a, effect of conditionmg stimulus alone 

Fig 4 Sustained facihtation (d-f) after facihtation (b-c) 
at interval 2 5 msec between conditioning stimulus and test 
stimulus (cf FiinFig 1 A) compared with effect of test stimulus 
alone (4a) See teict 

settles down to a constant value, shown m 2b li^fiien this constant amphtude 
has been reached the pophteal conditionmg stimulus is introduced, as m 2c, 
and this combination is then repeated at a frequency of 9 per sec Figure 2c 
shows that the effect of the pophteal stimulus is inhibitory and thig inhibi- 
tion IS noted during the whole tune the experiment lasts (repeated combma- 
tions at 9 per sec ) The pophteal conditionmg stimulus is then discontmued 
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tion of the relayed volley from the spmal cord electrodes when it precedes it 
by 11 5, 7 5, 5 3 and 2 7 msec The correspondmg values for maximal inhibi- 
tion are 9 0, 6 7, 4 0 and 1 0 msec If to the latent period of the tested relayed 
volley are added the mtervals at which facihtation or inhibition occur the 
total latent periods for the facihtatory and inhibitory periods are obtamed m 
relation to the conditionmg pophte^ stimulus They are then referred to 
the moment at which the effect is recorded m the peroneal nerve A presents- 



-1 — J ■ I I 

15 10 5 msec. 0 



Fig 1 A Relative amplitude of 
a relayed wave (latency 2 5 msec ), 
caused by test volley to spinal cord 
electrodes, is plotted against interval 
between conditiomng stimulus (homo- 
lateral pophteal nerve) and test stim- 
ulus text Inset diagram of cross 
section of spinal cord at the level of 
L6 with locahzation of test stimulus 
electrodes marked as black spot 

B Diagram of values obtamed 
from experiment, shown above m A, 
illustrating periodic variations of m- 
hibition (arrows below horizontal) 
and facihtation (oblongs) consequent 
upon conditiomng stimulus (NR ), 
apphed at zero time on the abscissa 
The triangles show the temporal posi- 
tion of Waves ehcited by the condi- 
tiomng stimulus alone Time from 
NS to dotted arrow = total periph- 
eral condition time Ii — /<, periods of 
mhibition, Fi — periods of facilita- 
tion 


tion on this basis of the same experiment is shown m Fig IB (1) Four suc- 
cessive periods of facihtation and inhibition are seen to have been recorded 
m this particular experiment 

Inhibition and post-inhibitory rebound Assunung now that m this particu- 
lar experiment an mterval between conditiomng stimulus and test stimulus 
IS chosen for which facihtation and inhibition is optimal What, may we ask 
happens if such a pair of combmed stimuh is repeated at the particular mter- 
val chosen‘s The experiment suggested by this question amounts to enquirmg 
whether repetition of a given combmation of time mtervals between the two 
stunuh sets up any measurable after-effects and if these depend upon 
whether the mterval chosen represents facihtation or inhibition 

In order to study facihtation there is a choice of four possible stimulus 
mtervals and the same holds good for inhibition Let us first select for repeti- 
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interval is 2 5 msec corresponding to the facihtation maximum Fi m dia- 
gram la The relayed volley is shown by itself in Fig 4a In 4b and c the 
conditiomng stimulus has been mtroduced and repetition of this combmation 
agam takes place at a frequency of 9 per sec The relayed volley has been 
facihtated to nearly twice its ongmal size If then, after about 3 sec of repe- 
tition of this combmation the conditiomng stimulus is discontinued, its 
effect stiU hngers on, as shown 
by 4c and d, to disappear after 
about 5 sec at which moment 
4f IS recorded 

A similar experiment is pre- 
sented graphically m Fig 6, set 
up as Fig 6 In this case the re- 
layed volley had a total latent 
period of 3 5 msec , the mterval 
between conditiomng and test 
shock being 10 msec This means 
that the period of facditation 



analyzed was the last one, F< 
of diagram IB, le, 3 5+10 0 
=13 5 The pophteal stimulus 
(NS) augmented the relayed 
volley to just above 7 times its 


Fig 6 As Fig 5, but m this case the test 
stimulus (NS) causes facihtatiOD, gradually dis- 
appearing after withdrawal of the test stimulus 
(austamed facilitation) See text 


ongmal stabilized value The sustamed facihtation lasted about 5 sec after 
cation of the conditionmg stmmlus (N S ) If the conditiomng stunulus 
(S C S ) alone had been repeated at the same frequency of 9 per sec the 
relayed volley would have disappeared the moment stimulation was stopped. 

In the two experiments descnbed the facihtatmg effect has been studied 
tor the first and fourth facihtation penod (Fi and of Pig IB) But sus- 
tained facihtation has also been found for the second and third penod and 
with relayed waves of different latent penods Sumlarly the third inhibitory 
penod has had the properties descnbed above for the inhibitory penods Ii 
li and L In aU experiments the stimulus frequency has been low, below 20 
per sec The effect of frequency will be subjected to a special analysis 

in order to avoid comphcations from direct waves the stimulus to the 
wZ been applied m such a manner that direct voUeys 

favornW iocation illustrated m Fig lA seems to be particularly 

favorable from this pomt of view The histological control has shown that 
ay ed waves of different latent penod are most easily obtamed when the 
electrodes me placed in the grey matter By avoidmg the antS^r poS 
nor horns direct waves are easily avoided ^ 


UISCUSSION 


t,onl\'S’e contractioM rebound contrac- 

(10) and possible »5™hoSave bil aontndaleral deror reflexes 

\pianations have been suggested, m particular by Sher- 
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but the test stimulus to the spmal cord is still repeated at the same frequency 
Figure 2d shows that the immediate effect of removal of the inhibitory 
conditionmg shock is an mcreased amphtude of the volley which now ex- 
ceeds its ongmal value m 2a Gradually this post-inhibitory facditation 
vanishes (2e) and m 2f the amphtude of the relayed voUey has returned to 
its ongmal level as given by 2a 

The experiment has thus shown inhibition and post-mhibitory rebound 
(for the relayed voUey) by repetition of the combmation representmg the 
last inhibitory penod I4 of diagrams lA and B In Fig 3a similar effect is 
shown on the same relayed volley (latency 2 5 msec ) but m this case the 
combmation used corresponds to the first inhibitory penod Ii of Fig IB In 



Fig 6 Relative amphtude of a re- 
layed wave, caused by repetitive test 
volleys to sp inal cord (S CJS ) As 
shown by broken lines aboie abscissa, 
conditiomng stimulus (N5) apjiears 
for a bnef duration m the middle of the 
record The test stimulus is repeated 
the whole tune, from S onwards 
Dunng stimulation with the condition- 
mg stunuluB (NjS ) there is inhibition, 
succeeded by rebound afterwards See 
text 


3a is shown the effect of the conditionmg pophteal stimulus alone, m 3b the 
relayed test volley alone, m 3c the inhibition caused by combining condi- 
tionmg the test shock, m 3d and e the rebound after removal of the condi- 
tionmg stimulus, and m f, finally, the return to the ongmal value after dis- 
appearance of the rebound facfiitation 

A graphical presentation of the outcome of a similar experiment is found 
m Fig 6 refemng to a relayed volley with the latent penod 3 5 msec and an 
mterval for inhibition correspondmg to I. of Fig IB The ordmate is the 
relative size of this volley and 100 corresponds to the semi-stationary state 
reached after some time of repetition of this stimulus (S C S ) alone The 
abscissa illustrates duration of stimulation m sec N S represents the dura- 
tion of the conditionmg stunulus to the nerve In this particular experiment 
there was complete inhibition of the relayed volley and the rebound aug- 
mentation of this voUey rose to three tunes the ongmal stabfiized value of 
100 After cessation of the N S stimulus it lasted 7-8 sec before this value 
was re-estabhshed 

Sustained facilitation An mterval between conditionmg and test shock 
at which facfiitation occurs is studied m a simil ar manner m Fig 4 This 




MIDBRAIN AUDITORY MECHANISMS IN CATS* 
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Emory University School of Medicine, Emory University, Georgia 
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Thebe are available several descriptions of the nuclei and tracts which deal 
or are presumed to deal with impulses reaching the brain via the cochlear 
nerve With few exceptions, these are concerned entirely with anatomical 
connections and are based on the study of normal material variously stained 
by Nissl, myehn sheath or silver impregnation methods Only recently (1) 
there appeared a study of ascending auditory tracts from Maxchi degenera- 
tion after bram stem lesions Aside from this, the usefulness of the extant m- 


Fig 1 Photograph of cathode ray 
trace showing the spht beam with onset 
of stunulus indicated by break m upper 
trace, lower trace shows response to sin- 
gle chck stunulus 


ONSET OF STIMULUS 


BEGINNING 



formation has been most meagre m the mterpretation of auditory functionj 
this impressed us particularly m a recent attempt to account anatomically 
for the retention, alteration or loss of learned auditory responses after sys- 
tematic surgical mvasion of the auditory pathway (3) The difficulty is that 
there is simultaneously too much and too httle information For example, 
mmute descnptions of the configuration of the cochlear nuclei are to be 
found, but none gives any hmt of functional differentiation even between 
dorsal and ventral cochlear nuclei, much less between the numerous areas of 
specific cytological structure described by Lorente de Nd T On the other 
hand, data on the connections of bram stem nuclei seem madequate to 
permit one accurately to account for retention of learned auditory re- 
sponses at mid-bram or medullary levels 

It IS the purpose of this paper to re-examme certam data already pub- 
hshed, present some new data, and appraise the status of these aspects of 
auditory function 


METHOD 

Responses to audible, thyratron-generated chcks deh\ered one foot from the ear of 
the expenmental animat (cat) were recorded from various pomts vn the midbraxn by 
means of a single-phase, capacit^'-coupled amplifier and photographed from the face of a 
cathode-ray oscillograph T^e bram was split by an electromc-switch arrangement, re- 
sponse ap pearing on one of the resultant traces, stimulus on the other (F ig 1) 

* Contribution number 59, Laboratory of Psjchology, University of Rochester This 
mvostipntion was aided by grants from the Research Council of the American Otological 
rpf”” Research Committee, University Center m Georgia 
T The onlj difTcrcnco in the connections of the dorsal and ventral cochlear nuclei ac- 
^ thc^°ondi^%bore”°“" Hanson (1) would seem to be the precise route of crossmg 
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rmgton (12, see also 4, 7, 10) The experiments described m this paper add a 
new factor by pomtmg to the significance of proper tirmng of the mteractmg 
stunuh and correlatmg the phenomenon with the inhibitory phase of the 
periodic variations foUowmg a stimulus to the center At the same tune they 
confirm Sherrmgton’s ongmal view that rebound is a consequence of pre- 
cedmg inhibition 

In the earher reflex work rebound was sometimes noted without preced- 
mg inhibitory relaxation (4, 11) and assumed by Graham Brown to be 
"concealed ’’ Similarly, m this work, it has been noted that rebound occurs 
after stimulation with a combmation representing an inhibitory interval, even 
when the actual inhibition has been shght or absent It is clear that an aver- 
age reaction such as a reflex muscle contraction must then be able to exhibit 
rebound without evident signs of a precedmg inhibition Nevertheless the 
necessity of usmg an inhibitory mterval between conditionmg and test 
stimulus m order to ehat this phenomenon demonstrates the essential place 
of pre-excitatory inhibition m the rebound reaction 

It may be of mterest to pomt out that the retmal off-effect m a like man- 
ner presupposes pre-excitatory inhibition (8) and that recently Bremer (3) 
has shown that there is a similar off-effect or rebound m the acoustic area of 
the cat 

The sufltamed facihtation, studied by Eccles and Gramt (5) m both con- 
tralateral and ipsilateral reflexes also is a qmte regular phenomenon, refer- 
able to the stimulation mtervals at which periodic facilitation occurs and 
can be analyzed m the manner descnbed 
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reduced Severance of the commissure now ehminated the remaining poten- 
tials except for occasional equivocal deflections as m Fig 2, 12, histological 
examination leaves a shght doubt as to completeness of the section of the 
left lemniscus, and it is possible a few fibers may still have been dischargmg 
mto the coUiculus 


Pig 2 1—4, response of left inferior 
coUiculus to cUck stimulation, 5-8, re- 
sponse from same electrode placement 
after destruction of left cochlea, 8-11, 
response from same placement after 
severance of left lateral lemniscus, 12— 
14, response from same placement after 
severmg commissure of infenor col- 
hculus 


'-'\r 

12 3 4 



5 fe 7 6 



9 10 11 



12 13 14 

Cat- No 7 


Cat 9 represents a repetition of the previous experiment, except that m 
this case the contralateral (nght) cochlea was destroyed as the first operation 
This resulted m a marked consistent reduction m amphtude of response 
(Fig 3, 5-8) In this instance the dunmution may be more profound than m 


'C: 'X: 'X:: 


■Ax- -A,— — 



Fig 3 1-4, response of left inferior 
coUiculus to chek stimulation, 5-8, 
same after destruction of nght cochlea, 
9-12, same after severance of left lat- 
eral lemniscus, 13-16, same after sever- 
ance of commissure of inferior colhcu- 
lus 


cat 7, though companson of the two figures leaves some doubt, however, it is 
probably safe to say there is evidence of greater potency of the contralateral 
ear ovm the homolateral in production of the colhcular response, although 
this difference is not sufficient to encourage one to beheve it might be ex- 
pressed m functional determination of an audiogram for example Section 
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In most experiments, the silver wire, unipolar electrode was left in place throughout, 
recordmg potentials first m the intact animal, and, after appropriate surgical ehmmation 
of one or more auditory tracts (as detailed in the mdividual protocols), recording potentials 
agam from the same electrode placement to determine resultmg changes In a few cases, 
the electrode was moved from placement to placement as occasion demanded 

Brains of all cats were removed at the conclusion of the experiments, fixed m formalm, 
and sectioned serially by the paraffin method to permit determination of the location and 
extent of lesions 

Results and Discussion 

Secondary auditory tracts Bames, Magoun and Ranson (1) by tracing 
degeneration paths from lesions m dorsal or ventral cochlear nuclei, or both, 
found that aU the fibers leaving these nuclei cross the raphe to ascend m the 
contralateral lateral lemniscus or tenrunate m the superior ohvary complex, 
fibers from the dorsal nucleus cross m and compose the dorsal and mtenne- 
diate stnae medullares of Monakow and Held, while the ventral nucleus 
sends some fibers through the stna of Held, but most of them through the 
trapezoid body In either case the fibers turn sharply rostrad to ascend as the 
prmcipal components of the lateral lemmscus Many fibers could be traced 
rostrally to termmations m the mfenor colhculus, none ascendmg higher, 
but considerable numbers also termmate m supenor ohvary complex or 
nucleus of the lateral lemmscus Bames, Magoun and Ranson mdicate no 
difference between secondary paths from dorsal and ventral nuclei except the 
choice of the bundle m which crossmg takes place 

From their experiments it is apparently uncertam whether or not any 
fibers may termmate m the homolaberal supenor ohvary complex, although 
the authors regarded it as probable This question will be discussed relative 
to that of the bilateral projection of auditory impulses 

Commissure of the inferior colliculus Cats 6, 7 and 9 illustrate three ex- 
periments earned out to detenmne the approximate proportion of (mfenor) 
coUicular response attnbutable to conduction over the mfenor colhcular 
commissure, and, mcidentally, to provide some mdex of the relative contn- 
bution of homolateral and contralateral ears to colhcular response 

In the case of cat 6, responses were first recorded from the left mfenor 
coUiculuB The commissure was then severed with the result that the col- 
hcular response was just perceptibly reduced m amphtude The left acoustic 
nerve was then sectioned This operation had the effect of still further reduc- 
mg amphtude of response, but this time by approximately fifty per cent 
Finally, as a check, the left lateral lemmscus was severed, upon which col- 
hcular response was entuely abolished 

In cat 7, after recordmg the normal response from the left mfenor col- 
hculus, the homolateral cochlea was destroyed, after this procedure the col- 
hculus received impulses through the left lemmscus only from the contra- 
lateral ear, and, also, via the nght lemniscus and commissure from the same 
source The response was reduced m amphtude on the average, but the at- 
tenuation was by no means severe (see Fig 2, 5-8) When the left lateral 
lemmscus was severed, leavmg the commissure as the only route by which 
miDulses could reach the left mfenor colhculus, the response was greatly 
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Table 1 * Changes in absolute intensity hmens following bilateral remoial of the 

inferior colliculus 


Cat 

125 

Frequenaes 

1000 

8000 c p^ 

19 

-15 7 

-18 7 

+ 13 decibels 

20 

-14 1 

-14 0 

— 6 4 decibels 

22 

-21 6 

-17 0 

—23 0 decibels 

27 

-10 0 

-12 5 

— 10 0 decibels 

28 

-16 3 

-11 2 

—33 3 decibels 


Tn all of the animals listed in Table 1, with the exception of cat 20, destruction or dis- 
connection of the inferior coUicuh was complete bflaterally, and in all of them it was con- 
sidered that some bypassmg fibers of the lateral lemnisciis probably escaped bemg severed, 
on one or both sides Cat 20 sustained complete destruction of the left coUiculus and its 
brachium, but only mmor damage was found in the right colhcnlus, namely a relatiiely 
small lesion situated medially 
* Kryter and Ades, 3, p 522 

that even the few direct ohvo-gemculate fibers described are minimized by 
the authors In the experiments of Kryter and Ades (3), several of the ani- 
mals which had been subjected to bilateral coUicular destruction showed 
definite signs of retention of at least some functionmg connections above 
nud-bram level Table 1 is reproduced directly (3, p 522, Table II) These 
results may be compared with those set forth m Table 2 which represents 
functional hearing changes m animals with auditory pathways sectioned be- 
low the coUicular level 


Table 2 Changes in absolute intensity hmens following bilateral elimination of 
midbrain auditory connections 


Cat 

125 

Frequencies 

1000 

8000 c p 8 

1 

-33 1 

-47 4 

-51 0 

4 

-37 7 

-46 5 

-51 7 

16 

-45 3 

-35 0 

-25 2 

20 

-23 3 

-47 2 

-61 9 

26 

-25 8 

-26 1 

-47 4 


Histological inspection of the brams of the cats listed m Table 2 showed that as a 
result of one or a combination of several operations the midbram of each cat was ulti- 
mately depn% ed of all or nearly all connections through which it might mediate auditory 
reflex For further details on these animals, please see pp 523-527, Kryter and Ades (3) 

It IS apparent, when the two groups represented m Tables 1 and 2 are 
compared, that the functional changes are of different order We attempted 
to explam this on the followmg basis The first group, while losing madbram 
auditory function through destruction of the inferior coUicuh, retained resid- 
ual connections to the medial gemculate (and, therefore, to the auditory 
cortex) on one or both sides, the cats of the second group, after final opera- 
tmns, had no remaiiung functional connections m the nudbram or above 
that level If these observations are correct, the only explanation of the 
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of the left lemniBCus again had a profound effect on the colhcular response, re- 
ducing it hy much more than half, while subsequent section of the commis- 
sure ehnunated this small residual response 

It IS dangerous too readily to apply data of this sort m the mterpretation 
of normal auditory function Nevertheless, it is certainly fair to assume some 
correlation between electrical activity of neural tissue and its functional 
potency, particularly where experimental differences are as large and obvious 
as they are m these experiments Consequently, the conclusion seems justi- 
fied that the commissure of the mfenor colhculus plays but httle part m ac- 
countmg for functional bilateral equahty of auditory projection It is diffi- 
cult to beheve the shght potentials conducted by the commissure could rep- 
resent a significant degree of activity m normal auditory function Simi- 
larly, the shght differences m homolateral and contralateral contnbution to 
colhcular response m cats 7 and 9 may be taken to mdicate a virtual bilateral 
equahty 

Homolateral auditory projection Barnes, Magoun and Ranson (1) deny 
the possibihty of homolateral ascendmg fibers from the cochlear nuclei This 
immediately calls mto question the results of several experiments performed 
m our laboratory over the last ten years, mcludmg those of Mettler et al 
(4), Brogden (2) and those of ICryter and Ades (3) more recently Both senes 
of experiments mdicate at least functional bilateral equahty of representa- 
tion of both cochleae m the cerebral cortex Barnes et al offer as a possible 
explanation the crossmg of auditory impulses m the commissure of the m- 
fenor colhculus and at tiiat of the nucleus of the lateral lemniscus (Probst’s 
commissure) The colhcular commissure has been explored electncaUy m the 
present study The protocols and figures of cats Nos 6, 7 and 9 mdicate that 
the contnbution of commissural discharge to the colhcular response is of un- 
impressive proportions Probst’s commissure is anatomically a far less sub- 
stantial bundle of fibers than the commissure of the mfenor colhculus If 
these small tracts are suffiaent to account for the functional bilateral eqmva- 
lence m the experiments of Mettler et al and those of Kjyter and Ades, the 
"safety factor’’ thus expressed, and mentioned by Mettler, must be great 
mdeed, if all auditory tracts were of proportionate potency, it would seem 
the system must be functionally nearly mdestnictible 

A more likely explanation is possible Although there are no data which 
defimtely mdicate whether or not fibers from each cochlear nucleus termi- 
nate m both supenor ohvary nuclei, Barnes, Magoun and Ranson thought it 
probable that such bilateral termmations are present If we assume that this 
18 the case, adl of the functional evidence for bilateral representation is im- 
mediately explamed smce a large proportion of the lateral lemniscus consists 
of ascendmg fibers from the homolateral supenor ohve 

Direct olivo-genicidate fibers Barnes, Magoun and Ranson (1) reported 
that only a few of the fibers ascendmg from the supenor ohvary nucleus, 
and none from the cochlear nuclei, pass directly to the medial gemculate 
body without synapse m the mfenor colhculus One receives the impression 
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the left superior colliculus and from the brachium of the inferior coUiculus, 
the inferior coUiculus was undercut and partially removed, an effort bemg 
made to leave the laterally -lying fiber lamina of lemniscus and brachium m- 
tact while eliimnatmg the colhcular gray matter FoUowmg this procedure, 
potentials from the superior coUiculus were severely d imini shed, but not 
abolished It was also noted that the brachium response remamed about as 
strong as before A second mcision similar to that m the previous experiment 


Fig 4 1-3, response of left su- 
penor coUiculus to click stimulation, 
4-6, same after \ ertical knife cut be- 
tween left inferior and superior col- 
bcuh, 7-9, same after cutting be- 
tween superior coUiculus and inferior 
quadrigeminal brachium 


12 3 



7 8 9 

Cat No 2 


was again reqmred completely to elnmnate the residual response from the 
superior colh^us Other animals yielded substantiaUy similar results under 
similar conditions 

Barnes, Magoun and Ranson descnbe three destmations for fibers leav- 
mg the inferior coUiculus (i) medial gemculate body of either side, (u) the 
opposite mfenor coUiculus, and (m) the pontme gray In view of the absence 
of other connections, they take the ■view that the inferior coUiculus, unlike 
the supenor, does not function as a reflex center 

In aU cats exammed it was possible to record strong potentials from the 
surface or depth of the supenor coUiculus m response to audible chcks These 
are not weak or eqmvocal responses, but are regular and of magmtude second 
only to auditory responses from the mfenor coUiculus and the auditory cor- 
tex It may be argued that they are the result of direct spread from the 
closely adjacent mfenor coUiculus, an argument which may be met by the 
consideration that the auditory response of the supenor coUiculus is greatly 
dimuushed by cuttmg between the mfenor and supenor coUiculus Tbis un- 
phes strong connections between the two nuclei The hterature contains oc- 
casional mention of fibers leavmg the lateral lemniscus to terminate m the 
supenor coUiculus Our evidence mdicates that such fibers probably do exist, 
however, as may be seen from the figures, their functional significance is 
mmimal and they are obviously only m smaU part responsible for the gener- 
ous potentials recorded from the mtact supenor coUiculus 

In the experiments of Kryter and Ades it was shown m several cats that 
auditory lesions above and below (or mcludmg) the mfenor coUiculus have 
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difference m degree of auditory loss is that either midbram or gemculo- 
cortical mechanisms may suffice to maintam auditory threshold at a near- 
normal level m the absence of the other, but when both are ehnunated, the 
threshold nses sharply This, m turn, maphes that a functionally significant 
residue of supratectal (i e , to medial gemculate) conduction is possible even 
after removal of the coUicular synapses This argues for a substantial num- 
ber of lemniscal fibers which b 3 rpa 8 s the inferior colhculus Admittedly, this 
IS a difficult histological determination to make, and it would be most unsafe 
to say that colhcular S 3 mapsea did or did not remam functional m the bram 
of a given animal Never&eless, the animals designated m Table 1 had m 
common much less severe hearmg losses than did anim als with only medul- 
lary auditory circmts mtact They also shared the common histological find- 
mg of bilateral colhcular removal with more or less undamaged tissue remam- 
mg on the lateral surface where the lenmiscus and the bracbium form a fiber 
lamma There is some corroboration m anim al 3 of the present senes, which 
showed retention of auditory response m the infenor quadngemmal bra- 
chium after destruction of the coUiculus, this was also true of other ani m als 
m which the effort was made to remove colhcular gray while sparmg the later- 
al fiber lamma 

The weight of evidence, then, despite one’s hesitancy to msist upon the 
histological observation, favors the conclusion that the direct ohvo-gemcu- 
late component of the lenmiscus alone is of sufficient proportions to account 
for functionally significant conduction above the midbram even though most 
of the lemniscffi fibers synapse m the coUiculus One may pomt out the addi- 
tional findmg that m the group of animals of Table 1, there are frequency- 
differential losses, which is what would be expected if varymg proportions of 
bypassmg fibers remamed mtact and if these differ among themselves with 
respect to frequency 

Reflex function of inferior colliculus and intercoUicular conduction Cat No 
2 Preoperative potentials were recorded from the surface of the left supenor 
colhculus (Fig 4) A vertical knifecut to the depth of the tectum was then 
made at the junction of supenor and mfenor coUicuh The amphtude of po- 
tentials from the supenor promptly dropped to an extent lUusfrated m Nos 
4, 5 and 6, Fig 4 It was necessary to extend the cut anterolaterally m the 
lateral edge of the supenor colhculus before the potentials from it could be 
completely ehmmated It is mterestmg to note that throughout the expen- 
ment, the level of spontaneous discharge from the supenor coUiculus was 
mamtamed without much change, despite the partial circumcision of the 
nucleus and disappearance of evoked auditory potentials This was not true 
of the experiments m which, potentials bemg recorded from the mfenor 
colhculus, that nucleus was gradually severed from its sources of afferent im- 
pulses, as the evoked potentials diminished, the spontaneous discharge also 
decreased, untd, m the end, the base-hne was smooth and flat (see Fig 2 and 

3 ) 

Cat No 3 In this experiment, after recordmg normal potentials from 
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response to pure tone, functions as effectively as the cerebral cortex For this 
function, it depends upon a pathway for discharge through the superior col- 
hculus \\Tien the inferior colhculus is destroyed or its discharge pathway is 
interrupted in the absence of the auditory cortex, the remaining "auditory 
integration becomes most meagre and pnnntive 

Summary of connections of the central auditory pathway Figure 5 is a dia- 
gram of the connections of the auditory pathway so far as they can be de- 
duced from the foregomg evidence Neuron I, of course, is situated m the 
spiral ganghon of Corti and sends its axon via the cochlear nerve to temu- 


Fig 6 Diagram of central 
auditory pathway AC — acoustic 
cortex, AE — auditory radiation, 
BIC — brachium of inferior col- 
hculus, CN — cochlear nucleus, 
IC — mfenor colhculus, LL — lat- 
eral lemniscus, NLL — nucleus of 
lateral lemniscus, SC — superior 
coUiculus, SON — superior olivary 
nucleus, XIC — commissure of in- 
ferior colhculus 



nate m the cochlear nuclear complex Secondary neurons may cross and ascend 
as components of the contralateral lateral lemniscus to termmations m the 
mfenor colhculus Secondary fibers may also leave the cochlear nuclei to 
temunate m the superior ohvary nucleus, both homo- and contralaterally 
Tertiary fibers leave the supenor ohvary nuclei, ascend m the homo- 
lateral lateral lemniscus and temunate either m the mfenor colhculus or the 
medial gemculate body. Other third-order axons leave the coUicuh via the 
mfenor quadngemmal brachium (where they are jomed by those from the 
supenor ohves) to termmate m the homolateral medial gemculate, still 
others leave the colhculus via the mfenor quadngemmal commissure to 
termmate in the opposite colhculus or pass through to jom the brachium 
Fmally, third order connections via histologically mdistmct pathways make 
connections with the supenor colhculus, at which place auditory impulses 
have reached a pomt at which they may be translated mto motor impulses 
through the mediation of descendmg tracts from the supenor part of the 
tectum 

Summanzmg the cortical projection pathway thus far, third-order 
neurons from homolateral and contralateral mfencr colhcuh and from homo- 
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profoundly different effects on both quahtative retention of learned auditory 
responses and absolute intensive thresholds In addition, it was found in the 
same senes of experiments that removal of the supenor colhculus and re- 
moval of the mfenor colhculus have substantially the same effect on reten- 
tion of such responses, which we take to be further evidence that the mfenor 
coUiculus discharges through the supenor 

It IS customary to assign stnctly visual function to the supenor colhculus, 
and stnctly auditory to the mfenor coUiculus, although it has long been 
taught that the descendmg pathway from the latter leads m some fashion 
through the former to discharge through tectospmal and tectobulbar tracts 
It IS hardly surpnsmg, then, to find the supenor colhculus responsive to 
auditory stimulation, and the conclusion seems mescapable that auditory 
mtegration at nudbram level is participated m by the entire tectum rather 
than by the mfenor coUiculus alone Moreover, the functional evidence sug- 
gests mtegration of a fairly high order 

Without mvokmg the tnte, but tune-honored plea of the capnciousness 
of the Marchi method, it may be possible to account for the disparity m view- 
point on the functional significance of the mfenor colhculus Assuming the 
adequacy of the method, Barnes, Magoun and Ranson have shown only that 
this nucleus has no myehnated efferent fibers sufllcient to account for reflex 
function Our evidence as clearly mdicates (i) that significant commumca- 
tion exists between it and the supenor colhculus and (u) that the presence 
of the mfenor (and, mdeed, the supenor) is essential to the mamtenance of 
certam response-patterns to auditory stimulation No great stretch of 
unagmation is reqmred to picture unmyehnated fibers passmg between these 
two contiguous nuclei m considerable numbers, either orgamzed mto discrete 
bimdles or scattered We are unable to discover convmcmg histological evi- 
dence for discrete bundles, however, m the tectum, as elsewhere m the 
central nervous system, ailver-unpregnation reveals an abimdant neurophil 
composed largely of unmyehnated fibers, which might weU account for 
mtercoUicular conduction The tune is past when it was safe to evaluate the 
function of a mass of gray matter by detemunation of its myehnated con- 
nections alone We have been too long boimd to the tacit assumption that 
the large myehnated fiber bimdles are aU-unportant m the mterpretation of 
neural function 

Agam, support may be found m our previous experiments for the reflex 
significance of the mfenor coUiculus It was found that as long as either the 
mfenor coUiculus or the auditory cortex of one side remamed functional, the 
absolute mtensity threshold dropped no more than 16 decibels on the aver- 
age and the conditioned response was retamed with no perceptible quahta- 
tive change But immediately upon bilateral severance of the auditory 
pathway below the mfenor coUicuh, the threshold rose by sn average of 
40 decibels 

Thus, we amve at a concept of the coUiculus as a reflex mechanism 
which, at least for the relatively simple auditory mtegration of conditioned 
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That spasticitt is a characteristic feature of the syndrome of paralysis de- 
velopmg subsequent to lesions interruptmg the upper motor neuron or cor- 
tico-spmal system is a long-standmg concept of chmcal neurology (1, 14) 
However, results of selective destruction of the cortico-spmal system m the 
monkey are beginmng to modify this view (9) In a recent discussion of this 
subject Walshe (15) considers the possibihty that the path, mtemiption of 
■which adds the component of spasticity to hemiplegia, although cortical m 
ongm, 13 a short one gomg to subcortical centres and not to the spmal cord 
In monkeys Hmes (6, 7) locahzed a region m the precentral cortex be- 
tween areas 4 and 6, the destruction of which leads to transient spasticify 
Histologically this area is transitional between areas 4 and 6 and presents 
no dehneatmg features The identification of this "strip area” thus hmges on 
its inhibitory influence upon stimulation (3) and on the characteristic neuro- 
logical signs of spasticity evol-vmg from its ablation 

Evidently the projection from this cortical inhibitory area courses out- 
side of the cortico-spmal tract, at least from the pyramid caudally, for Tower 
(13) sectioned the bulbar pyramid m the monkey and obtamed essen'tially a 
flaccid paralysis Furthermore, flaccid paralysis has been shown to follow 
interruption of the cortico-spmal tract withm the spmal cord of 'the monkey 
( 2 ) 

Recent studies mvolvmg excitation of this cortical suppressor area mdi- 
cate that its effects are mediated through the caudate nucleus (3, 10) 
Further information concermng the course of its projection might be gamed 
by observmg the effect of destruction of efferent cortical paths at levels be- 
tween the cortex and the bulbar pyramid One possible site is the basis pe- 
duncuh The effect of section of this m the monkey forms the subject of the 
present report 


MATERIALS AND SIETHODS 

of SDC tnonkeys the cortical projection fibers were interrupted within the right 
Dr left basis peduncuh The operative proc^ure consisted of exposing the cerebral hetni- 
^nere^lEciently to retract the occipital lobe The approach to the basis peduncuh was 
ade mong the supenor surface of the tentonuin cerebelh and the oculomotor nerve was 
OMted as It coursed forward firom the ventral surface of the midbrain A cut was inflicted 
eralward across the basis peduncuh at the level of the oculomotor root * 

(K the monkeys (C-33) was sacrificed two and one-half months postoperativ ely, 
o ner tO -88) died of round w orm infestation one month after operation and a third ani- 

Tliis approach is similar to that used bj Economo and Karplus in 1909 (4) 
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lateral supenor olive project upon the medial gemculate body, from which, 
m turn, fourth-order neurons project to the auchtory cortex 

No attempt has been made m the diagram to mdicate relative numbers 
of the various components It wiU also be noted that the nucleus of the lateral 
lemniscus has been ignored, along with its commissure, except to mdicate a 
somewhat problematical collateral connection from the lateral lemniscus 
No indication is made of reflex connections below midbram level, although 
one must strongly suspect that some such fibers exist m view of the func- 
tional mdications and despite lack of anatomical evidence Otherwise, the 
diagrammed cormections are sufficient to account for the functional phe- 
nomena discussed 


SUMMAKY 

1 The contribution of discharge through the.mfenor coUicular commis- 
sure IS neghgible m the total activity of the inferior coUiculus 

2 As measured electrically, the contribution of the contralateral ear to 
coUicular response is shghtly greater than that of the homolateral ear 

3 The explanation of functional bilateral equahty m auditory conduc- 
tion from either ear probably hes m bilateral terminations of secondary 
auditory fibers m the supenor ohvary nucleus which contributes substan- 
tially to the lateral lemniscus 

4 Functionally significant numbers of fibers of lateral lemniscus bjrpass 
without sjmapsmg m the mfenor colhculus 

5 The mfenor colhculus discharges through the supenor colhculus 

6 The mfenor colhculus is an important reflex center capable of auditory 
mtegration 
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Fig 1 A-F Photographs illustrating \anous aspects of the symptomatologj of 
Monkey C-73 after section of the right basis peduncuh, shown in Fig 2 

Posture As seen m Fig lA there was sagging of the left shoulder The 
arm hung down and the left hand was apparently useless The left leg and 
foot hung fiaccidly The nght foot frequently grasped the affected leg The 
digits of the left foot appeared extended The monkey showed also a loss of 
the positive and negatit e supporting reactions of the lower left extremity'. 
Tests for postural ngidity ga\ e negative results 
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mal (C-1) died four months after operation as a result of a second operation performed on 
the remaining, mtact basis peduncuh The other three animals (C-73, C-100 and C-90) were 
under observation from six to twelve months before being sacrificed 

Postmortem studies revealed severance of aU but the most medial fibers of the basis 
peduncuh m five monkeys The proportion left intact varied from the fibers intersected by 
the roots of the oculomotor nerve to as much as the medial one-fifth of the basis peduncuh 
In the sixth monkey (C-1) a substantial lemniscus of fibers adjacent to the substantia nigra 
was also unmjured 

In one monkey (C-90) the cortical "strip area,” 4s, was removed on the same side as 
the basis pedimculi operation six weeks following the latter In another monkey (C-55) the 
peduncle was not sectioned but extirpation of area 4s was earned out to provide an animal 
with the s 3 mdrome of spasticity The extirpation of cortical tissue was accomplished by 
suction 

Neurological examination of all monkeys were recorded daily dunng the early post- 
operative penod and less frequently later on Examinations were made from time to time by 
clmical neurologists who were invited to observe the ammals without knowledge of the 
nature of the operation performed t At each examination the monkeys were placed in a 
chair constructfed to elirmnate difficulties m handhng 

Results 

The results of the neurological examinations were similar m five of the 
SIX monkeys with unilateral section of the basis peduncuh The responses to 
the tests are presented m Table 1 and fall mto two catagones, those repre- 
sentmg the signs of paralysis and those representmg the signs of spasticity 

It was noted that the affected upper and lower extremities hung flacad 
and that there was a palpable fiabbmess of the muscle groups Atrophy, evi- 
dent about two weeks foUowmg operation, gradually became more notice- 
able On passive mampulation, dnnmished resistance to movement m all 
directions was apparent Graspmg, placmg and hoppmg were conspicuously 
absent m the affected extremities Plantar and palmar stimulation yielded 
dimmished responses or none at all, the plantar response bemg the more con- 
sistently absent These phenomena along with the loss of voluntary motor 
power depicted a characteristic hemiplegia, the paralysis residmg m the side 
opposite the lesion 

The quahty of this paralysis resembled neither a typical spastic hemi- 
plegia nor a purely flaccid paralysis Some characteristics of release phenom- 
ena, notably the h)rperactivity of tendon reflexes present m the paralyzed 
upper and especially the lower extremity, were observed A rather marked 
extension of the digits was also a constant findmg and suggested the pres- 
ence of hypertomcity m the most distal muscle groups The conclusive 
hypotomcity noted on manipulation of all other parts of the affected extremi- 
ties and the absence of clonus, however, were characteristic of the flaccid 
type of paralysis 

A detailed description of one monkey (C-73) will serve to present the 
t3rpical effects of a unilateral lesion The right peduncle of this a n i m al was 
transected Observations and exammations were earned out daily for two 
weeks, weekly for the next twenty weeks and monthly thereafter until the 
animal was sacrificed one year postoperatively 

I To Dr Lewis J Pollock and to Dr Ench laebert, of the Department of Nervous 
and Mental Diseases, the authors extend thanks 
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adductor muscle group of the right thigh Frequently this crossed adductor 
response was obtained by striking the tibia of the left leg well below the 
knee, also the active suprapatellar reflex, not usually obtainable m the nor- 
mal monkey, was an accompanying feature of the hyperactive patellar re- 
flex Less obvious was the exaggerated ankle jerk, which was not as constant 
and could only be noted by careful examination 

In the left upper extremity the tendon reflexes were more difficult to 
test This might be explained by the failure to obtain as complete relaxation 
as was desirable However, the deep reflexes — biceps, triceps and radio- 
penosteal — gave active responses more readily than m the correspondmg 
contralateral extremity In another animal, monkey C-33, when sedation 


was mduced by mtrapentoneal m- 
jection of nembutal, these deep 
reflexes of the upper extremity 
characteristically were found to dis- 
play hyperactivity 

The phenomenon of clonus was 
absent m the left extremities and 
was never noted m those of the 
nght 

In ehcitmg an abdommal reflex 
m the monkey other mvestigators 
have found that a senes of hnear 
pncks gives a more constant re- 
sponse than merely a scratch (8) 
It IS the behef of one clmical neurol- 
ogist that the response of the nor- 
mal monkey to this maneuver is 
more of a defensive reaction to a 



Fig 2 Cross section of midbram of mon- 
key C-73 illustxatmg lesion in right basis 
peduncub Wed Stam 


nociceptive stimulus than a true superficial reflex However, the punctate 
stimulus method was used throughout our exammations In monkey C-73, 
like the other animals with sections of the basis peduncub, responses on 
the affected side were diminished or absent 


Plantar stimulation of the left foot and palmar stimulation of the left 
hand evoked only a weak response, at best The plantar response usually 
was absent, the palmar, drmmished Occasionally the monkey reacted to the 
latter maneuver as it did to a nociceptive stimulus, i e , with a generalized 
quick withdrawal This reaction appears also from stimulation of the normal 
palm 


No value could be derived from the Hoffman’s maneuver because of the 
vanabihty of the responses obtamed even m the normal monkey Likewise 
Gonda’s (5) new reflex, "a dorsal flexion of the big toe when the fourth toe 
of the affected hmd hmb is held m plantar flexion for a few seconds and then 
snapped wth considerable force,” failed to constitute a characteristic sim 
m the paralyzed foot ° 
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Figure IB depicts the same animal m the frequent and characteristic 
position durmg excitement or strugghng A semiflexion at the elbow and 
extension of the digits were noted m the left upper extremity Flexion at the 
hip and knee and semiflexion at the ankle with foot mverted and digits 
rigidly extended was the charactenstic position of the left lower extremity 
A constant sign of the loss of volimtary control of the affected lower 
extremity was noted by the authors when the affected hmb is crossed over 
the opposite hmb it will remain m that poBition Figure 1C illustrates thra 
Placing and hopping reactions In placmg and hoppmg tests the failure to 
obtam response from the affected extremities was apparent m every exam- 
mation Active crossed placmg and hoppmg responses were always earned 
out by the correspondmg contralateral extremity , produemg evidence that 
the fault lay withm the efferent rather than the afferent system innervatmg 
the paralyzed extremities (17) The absence of visual placmg with the left 
forehmb is illustrated m Fig ID The absence of non-visual placmg with 
the left hmd hmb may be seen m Fig lE 

Grasp The faflure of the left foot to grasp an object brought mto contact 
with its plantar surface is shown m Fig IF The normal graspmg response 
13 well illustrated by the nght or normal foot The absence of graspmg was 
less obvious m the left hand and occasionally the digits of this hand were 
frozen m a position of semiflexion simulatmg graspmg When a weak re- 
sponse was ehated it seemed that relaxation time was prolonged Usually 
on such an occasion the nght hand gave a similar response The failure of the 
normal grasp response to occur m the paralyzed hmbs also became evident 
when chmbmg or walkmg on a horizontal bar 

Skeletal muscle tone FoUowmg operation m monkey C-73, as m others of 
this senes, the muscle groups of the affected hmd hmb were flaccid They of- 
fered absolutely no resistance to passive motion at either the proximal or 
distal jomts The upper extremity was hkewise affected but not as severely 
The return of tone to the extensor muscle groups of the fingers and toes be- 
came evident m about two weeks The extension of these digits was the only 
sign of a condition that might be considered hypertomcity In other muscle 
groups httle change from a hjqiotomc state occurred for as long as the am- 
mal was observed, which was over a year 

A transient paralysis of the lower face muscles and an ephemeral paresis 
of the trunk muscles on the left side was apparent followmg the operation 
For two weeks the paralysis of the face gave all the signs of a supranuclear 
facial nerve lesion, i e , widemng of the palpebral fissure, iromng out of the 
naso-labial fold and droohng from the side of the mouth Recovery from this 
mvolvement contmued imtil no difference between right and left sides of 
the face could be detected 

Reflexes Although aU tendon reflexes of the left upper and lower extremi- 
ties were hyperactive, the most significant and constant sign of hjrperreflexia 
was that of the patellar tendon reflex or knee jerk The hjrperactive response 
obtamed by stnkmg this tendon was accompanied by a contraction of the 
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Except for the case with significant injury to the medial lemniscus, m 
vhich were noticed signs of a sensory deficit, the symptoms m each of these 
immals were so similar as to appear identical and the findmgs reported for 
nonkey C-73 are apphcable to each of the other animals of this group It is 
logical to attnbute these symptoms to the destruction common to each of 
the animals, i e , to mterruptions of the basis peduncuh and softemng of the 
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Fig 3 Lesion of nght basis pieduncub in Monkey C-88, shown in gross view (A) and 
in cross sections through the superior (B) and inferior (C) coEiculus Weil Stain 


Bubstantias nigra overlying it Ranson (unpublished data) observed that 
electrolytic lesions restricted to the substantia mgra are not followed by hy- 
perreflexia and paralysis, or mdeed by any chmcal signs which could be de- 
tected These observations lead us to beheve that the mgral softening m the 
present cases was not significant m the etiology of these S3nnptoms, which m 
our opmion should be attributed to mterruption of the basis peduncuh 

In addition to possible comphcations of lesions withm the bram stem, 
some softenuig of the occipital lobe of the hemisphere resulted from opera- 
tive retraction or venous mterruption m each case Complete occipital lobec- 
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Specific performances The animal was able to use the paralyzed extremi- 
ties successfully as struts when movmg about although the agihty with which 
he moved them was noticeably less than m the case of the normal extremi- 
ties The loss of specific or finer movements was brought out by an mabihty 
to clutch a Wire sufficiently to support his weight when chmbmg The handi- 
cap was further evidenced by the failure of the digits to assume the normal 
supportmg posture, i e , fingers and toes frequently became folded under the 
contacting surfaces of the hand and foot 

Defensive reactions to handhng were executed entirely with the right 
extremities Likewise m eatmg, groonung, scratchmg, exploration and other 
acts the left extremities played httle or no part 

Other observations Shivenng and pdoerection foUowmg operation appar- 
ently were confined to the left side A drop m skm temperature was easily 
detected on palpation of the pads of the left hands and feet However, gradu- 
al recovery over a period of weeks progressed until httle difference m skm 
temperature was noted on comparmg the two sides 

Atrophy of the muscles of the left limbs was apparent m about a month 
foUowmg the operation Apart from the occasional manifestation of stoicism 
the reaction to nociceptive stunuh was equal when apphed to either side 
At autopsy m monkey C-73 destruction of the right basis peduncuh was 
verified as is shown m Fig 2 The chmcal findmgs m the other four ammals 
(C-90, C-33, C-100 and C-88) were similar to those of C-73 detailed above 
and autopsy findmgs m these animals closely resembled one another A 
typical lesion is illustrated m Fig 3 from monkey C-88 In Fig 3A the 
masion can be seen m the gross specimen coursmg obhquely across the ven- 
trolateral surface of the nght cerebral peduncle A rostral section through the 
lesion (Fig 3B) demonstrates the most medial extent of the destruction A 
caudal section (Fig 3C) presents the most lateral destruction 

Detailed study of serial sections through the bram stem of each of these 
animals revealed that m the typical monkey (C-73) the lesion did not mvolve 
structures other than the basis peduncuh and the substantia mgra just above 
it In monkey C-100 the mgral softerung was contmued dorsally as a small 
area of destruction mvolvmg the most ventro-medial part of the medial 
lemniscus and the adjacent ventro-lateral portion of the capsule of the red 
nucleus In C-33, shown m Fig 4, the dorsal extension of the softerung was 
similar to that just descnbed but was more widespread so that a larger part 
of the ventral portion of the medial lemmscus, the adjacent capsule of the 
red nucleus and the most ventral part of the nearby tegmentum were de- 
stroyed at the level of section More rostrally the mgral softerung extended 
mto the lateral hypothalamic area and the medial part of the subthalarmc 
nucleus In C-88 the mgral softerung extended dorsally rostral to Fig 3B, 
to destroy the rostral part of the red nucleus m the most specific manner 
In C-90 the mgral softerung spread dorso-laterally to destroy the dorso- 
lateral tegmentum, a small part of the ventral portion of the nucleus of the 
inferior colhculus and, more caudally and to a shght degree, the lateral part 
of the brachium conjunctivum 
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4s, the anterior border of area 4 and the posterior portion of area 6 were re- 
moved m each animal 

The postoperative course of animal C-55, without other neural lesions, 
was observed for four months Exanunations on the third day foUowmg cor- 
tical ablation revealed a h 3 ^ertonicity m the contralateral limbs mvolvmg 
primarily the flexor muscle groups, the one exception bemg flexors of the 
digits The position of the left extremities was that of semiflexion with the 
digits ngidly extended and abducted The degree of h 3 ,^ertomcity m the 
proximal muscle groups gradually became less marked, assummg normal 
tone at the end of about two weeks The extension of the digits similarly 


Fig 5 Cross section through inferior col- 
liculus showing the most caudal portion of the 
lesion in the left basis pedunculi In addition 
to medial fibers, the most dorsal or innermost 
fibers mdicated by the arrow remained in- 
tact Disregard the lesion on the right side, as 
this destruction was the result of a second 
operation four months later from which the 
emimal did not recover but died during the 
first postoperative day 


became reduced but contmued to remain apparent Hyperactive deep re- 
flexes, extreme at first, later became less noticeable but were always present 
Results of other tests apphed m routme exammation were s imi l a r to those 
of the ammals with the basis peduncuh sectioned, although responses ap- 
peared sooner and were more transient 

The course of monkey C-90, m which cortical ablation was imdertaken 
SIX weeks after mterruptmg the basis pedimcuh, was followed m the same 
manner Results of tests apphed on the fourth day subsequent to cortical 
extirpation presented a change from those recorded foUowmg basis-peduncuh 
section Upon passive mampulation, hypertonus was found to have replaced 
the hypotonus which was evident before the second operation The resistance 
to passive motion of the left lower extremity was greater on extension at the 
knee and flexion at the ankle However, the resistance encountered m thig 
hmb was less than that occumng m the correspondmg hmb of amTugl C-55 
The tone m the muscles of the left upper extremity was s imilar in quantity 
and distribution to that found m ammal C-55 After about two weeks this 
mcreased tone had receded imtil the resistance to passive mampulation was 
relatively equal m the right and left limbs Hyperreflexia was accentuated 
by the cortical destruction but other tests yoelded much the same response 
as w as recorded following the previous peduncular section 
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tomy performed in a normal monkey as a control measure was not followed 
by any of the symptoms under consideration Thus the presence of the oc- 
cipital softerung would appear to offer no comphcation to these results 
As mentioned previously the findmgs m one monkey (C-1) did not con- 
form to the cLmical S 3 mdrome established by exanunation of the other five 
animals of this senes In this exceptional case, both hypotomcity and hypo- 
active or pendulous tendon reflexes characterized the paralysis and the am- 



Fig 4 Four cross sections through the midbrain of Monkey C-33, showing the lesion 
of the left basis peduncuh Note softening extending into the medial lemniscus 


mal closely resembled a monkey with section of the bulbar pyrannd as de- 
scnbed by Tower (13) Study of the senal sections through the lesion m this 
monkey revealed that mterruption of the fibers withm the basis peduncuh 
was mcomplete In addition to a few of the most medial bundles, a rather 
large lemmscus of dorsal fibers remamed mtact as is shown on the left 
side m Fig 5 These fibers diverged from the basis pedimcuh and entered 
the bram stem tegmentum at the rostral border of the pons 

Extirpation of a portion of precentral cortex was earned out m two mon- 
keys One of these (C-55) was an ammal without other lesions The other 
(C-90) had had the nght basis peduncuh sectioned six weeks before Area 
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Table 1 Responses to tests following unilateral section of the basis pcdunculi 


Abdominal reflex 



Test ^ 

Normal Side 


Passiv’e manipulation 

normal tone 


Clonus 

absent 

2 

Patellar reflex 

activ e 

£ 1 

Achilles reflex 

active 

E : 

O 1 

Plantar stimulation 

active 


Grasp 

strong 


Placing reaction ' 

' present 


Hopping reaction 

present 

? 

Postural ngidity 

absent 

o 

Palpation of muscles 

firm 


Atrophy 

absent 


Crossed-leg sign 

absent 


active 


Paralyzed Side 


hypotonus 

absent 

hyperactive 

hyperactive 

absent* 

absent 

absent 

absent 

absent 

relatively firm 

present 

present 


diminished to absent 


1 

Passive manipulation 

normal tone 

hypotonus t 

Si 

Clonus 

absent 

absent 

u, ^ 
o ? 

Biceps reflex 

active 

hyperactive 

c-E| 

CL p 

Triceps reflex 

active 

hyperactive 

^ 1 

Palmar stimulation 

active 

dimimshed response 


Grasp 

strong 

absent 

1 

Postural ngidity 

absent 

absent 

Face 

Paralysis 

absent 

transient m lowerf muscles 


* One variation deserves special mention An interestmg response to plantar stimula- 
lation developed late in the postoperative course t\Tien the Babinski maneuver was ap- 
plied to this ammal’s affected extremity an abduction and dorsal flexion of the big toe 
constantly occurred 

t A slight veination from the pronounced hypotonicity was evident in the flexor and 
abductor muscle groups of the upper extremity m one monkey (C-88) On passive mampu- 
lation resistance to abduction at the shoulder and extension at the elbow was noted This 
resistance was no greater than that exhibited in the normal forehmb of this monkey 
t This lasted about two weeks 


mals did not produce the classical picture of a transient spasticity as did 
those of Hines (7) On the contrary, the distnbution of the increased tone 
did not reside in the extensor muscle groups of the limbs, and clonus was not 
a conspicuous feature Smee these observations were made, a detailed report 
of a spastic hermplegia m flexion appearmg subsequent to bilateral cortical 
ablation involving the antenor portion of area 4 and the postenor of area 6 
has been published by Welch and Kennard (16) The type of paralysis they 
found following bilateral cortical ablation is essentiaUy the same as we oh 
served foUowing unilateral ablation of the same region m animals C-90 and 
L -/"00 
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Discussion 

If the spasticity of hemiplegia is to be attnbuted to the loss of cortical 
inhibitory influences mediated outside of the cortico-spmal tract, the or- 
gamzation of the neural connections mvolved becomes a pressmg and, as 
yet, far from answered question Without detractmg from the importance of 
other observations imphcatmg the caudate nucleus (10), the lentiform nu- 
cleus (11) and the bram stem tegmentum (12) m this regard, the present ex- 
periments have revealed an inlubitory influence mediated by connections 
descendmg m company with the cortico-spmal tract as far caudad as the 
basis peduncuh, for section of the basis peduncuh has been followed by 
markedly hyperactive tendon reflexes and exaggerated tone m the extensor 
muscles of the digits 

Smce the symptomatology after section of the bulbar p3Tamid m the 
monkey (13) does not mclude either of these phenomena of release, the in- 
hibitory connections m question must depart from the cortico-spmal tract 
somewhere between the midbram and the rostral end of the medulla ob- 
longata Special reference may be made to the mnermost lemmscus of the 
basis peduncuh which passes dorsalward mto the tegmentum at the rostral 
border of the pons because there is mdication of its importance m the case 
of monkey C-1 Here the lesion did not mvolve this fiber band but rather, 
selectively interrupted other fibers withm the peduncle as is shown m Fig 
5 The type of par^ysis resultmg m this monkey differed markedly from that 
seen m the other animals of this senes and was more typical of that foUowmg 
destruction of the pyramid or of the dorso-lateral column of the spmal cord 
This leads to the belief that either a sufficient number of fibers escaped mjury 
to prevent production of the typical peduncle syndrome or that the fiber 
band, remainmg unmjured m this case, had a rather specific inhibitory func- 
tion This evidence from a smgle animal is msufficient to attach a function 
to this lemmscus but mdicates that further mvestigation is warranted 

In considermg the information obtamed from supenmposmg homolateral 
cortical ablation on a previous lesion of the basis peduncuh the results pre- 
sented by one animal (C-90) offer proof that certam inhibitory fibers ongi- 
natmg m the precentral cortex are not coursmg through the peduncle and 
that these fibers are primarily concerned with muscle tone Although the 
hyperreflexia was accentuated foUowmg the superimposed decortication, 
the outstandmg evidence of an additional release was the development of 
hypertomcity which replaced the flaccidity observed subsequent to section 
of the basis peduncuh 

It would have been desirable to limit the cortical destruction to area 4s 
because the mvolvement of area 4 and 6 serve to comphcate the picture of 
pure spasticity However, smce the lesion was rather extensive a similar cor- 
tical lesion was placed m a normal monkey (C-55) to furmsh a control m 
evaluatmg the effect of a precentral cortical lesion m an animal with sec- 
tioned peduncle It should be noted that the cortical lesion m these two am- 
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To return to the mam topic of this report, the paralysis produced by a 
unilateral lesion of the basis peduncuh was mtermediate between the spastic 
t)rpe which follows appropnate cortical extirpation and the flaccid paralysis 
or hypotomc paresis which follows section of the pyramid The paralyses m 
the a n i m als of this senes were spastic m that they presented hyperactive 
deep re&exes with bypertomcity of the extensor muscles of the digits They 
resembled Tower’s animals (13) with pyramidal lesions, m that hypotomcity 
(except for the digital muscles) and absence of clonus charactenzed them 

Conclusions 

Interruption of the basis peduncuh m the monkey gives rise to a paraly- 
sis which IS mtermediate between spastic paralysis and h 3 rpotomc paresis 
This paralysis is charactenzed by hypotomcity of aU muscle groups, except- 
mg the extensors of the digits, by hyperactive deep reflexes and by the ab- 
sence of clonus 

This leads to the assumption that inhibitory pathways descendmg from 
the cerebral cortex do not course entirely withm the basis peduncuh Fibers 
whose mterruption is responsible for the phenomenon of h 3 rpertomcity and 
those deahng with clonus, for the most part, have deviated from the cortico- 
spmal projection pnor to reachmg the cerebral peduncle Those whose m- 
terruption leads to hyperreflexia accompany the cortico-spmal projection 
while passmg through the cerebral pedtmcle but deviate before reaching the 
pyramids 
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